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WEDNESDAY 


MARCH  19,  1997 


Ail  sessions  and  events  will  be  held  in  the  Eldorado  Hotel. 


ZIA  CONCOURSE 


6:00pm-8:00pm 

Conference  Registration 


THURSDAY 


MARCH  20,  1997 


ZIA  CONCOURSE _ 

7:30am-1  2:00m 

Conference  Registration  and  Speaker/Presider  Check-in 

ZIA  A _ 

8:1  5am-8:30am 

Opening  Remarks 

8:30am-1  0:1  5am 

ThA  •  Applications  of  Short  Wavelength  Light  I 

Pierre  Agostini,  Centre  d'Etudes  de  Saclay,  France,  Presider 

8:30am 

THAI  (Keynote)  •  Extreme  ultraviolet  lithography,  Jeffrey  Bokor, 
Univ,  California-Berkeley.  Some  of  the  highlights  of  the  recent  dra¬ 
matic  progress  In  the  development  of  extreme  ultraviolet  lithogra¬ 
phy  technology  will  be  reviewed,  with  emphasis  on  the  challenge 
of  fabricating  and  testing  a  diffraction-limited  optical  Imaging  sys¬ 
tem  at  1 3  nm  wavelength,  (p.  2) 

9:1  Sam 

ThA2  (Invited)  •  X-ray  microscopy:  New  capabilities  and  short  pulse 
possibilities,  C.  Jacobsen,  J.  Kirz,  J.  Maser,  A.  Osanna,  S.  Spector,  S. 
Wang,  B.  Winn,  S.  Wirick,  SUNY Stony  Brook;  B.  Calef,  M.  Howells, 
S.  Lindaas,  D.  Pinkus,  Lawrence  Berkeley  Laboratory;  D.  Tennant, 
Lucent  Technologies  Bell  Laboratories.  New  capabilities  in  soft  x- 
ray  microscopy  are  described,  with  an  emphasis  on  biological  ap¬ 
plications.  Desirable  short  wavelength  source  characteristics  are 
considered.  (p.  3) 

9:45am 

ThA3  •  Laser-driven  hard  x-ray  sources  for  angiography,  Z.  Jiang, 
A.  Ikhlef,  J.  C.  Kieffer,  INRS-Energie  et  Mated aux,  Canada;  A,  Krol, 
C.  C.  Chamberlain,  D.  A.  Bassano,  S.  C.  Prasad,  SUNY  Health  Sci¬ 
ence  Center.  A  laser-driven  X-ray  source  for  mammography  and 
angiography  has  been  developed  to  overcome  the  limits  of  current 
technology  used  in  medical  imaging,  (p.  6) 

1 0:00am 

ThA4  •  Radiological  applications  of  hard  x-ray  emission  from  a 
laser-produced  plasma,  M.  Gratz,  C.  Tillman,  A.  Nykanen,  L. 
Kiernan,  C.-G.  Wahlstrom,  S.  Svanberg,  Lund  Institute  of  Technol¬ 
ogy,  Sweden;  K.  Herriin,  University  Hospital,  Sweden.  Advances  in 
various  x-ray  imaging  techniques  and  the  corresponding  require¬ 
ments  on  the  x-ray  source  are  presented,  including  a  comparison  to 
existing  competitive  x-ray  techniques,  (p.  9) 


ZIA  CONCOURSE 

10:1  5am-1 0:45am 

Coffee  Break 

ZIA  A 

1  0:45am~1  2:1  5pm 

ThB  •  Laser-Produced  Plasmas 

George  Kyra  I  a,  Los  Alamos  National  Laboratory,  Presider 

1  0:45am 

ThBI  (Invited)  •  Experimental  studies  of  the  propagation  of  ul¬ 
trashort,  intense  laser  pulses  in  underdense  plasmas,  B.  D. 

Thompson,  A.  McPherson,  A.  B.  Borisov,  K.  Boyer,  C.  K.  Rhodes, 
Univ.  Illinois-Chicago.  Measurements  of  the  spatial  and  spectral 
properties  of  ultrashort,  intense  laser  pulses  propagating  in 
underdense  plasmas  demonstrate  nonlinear  propagation  and  ion¬ 
ization-induced  self-phase-modulation,  (p.  14) 

11:15am 

ThB2  (Invited)  •  High  energy  explosion  of  super-heated  atomic 
clusters,  T.  Ditmire,  J.  W.  G.  Tisch,  E.  Springate,  M.  B.  Mason,  N. 
Hay,  R.  A.  Smith,  J.  P.  Marangos,  M.  H.  R.  Hutchinson,  Imperial 
College  of  Science,  Technology,  and  Medicine,  U.K.  We  have  ex¬ 
amined  the  explosion  of  atomic  clusters  heated  by  intense 
femtosecond  pulses.  We  observe  electrons  with  energy  up  to  3  keV 
and  ions  with  energy  up  to  1  MeV.  (p.  17) 

11:45am 

ThB3  •  Hard  x-ray  emission  from  femtosecond  laser  interaction  in 
overdense  plasmas,  A.  A.  Andreev,  V.  N.  Novikov,  K.  Yu.  Platonov, 
S.  I.  Vavilov  State  Optical  Institute,  Russia;  J.-C.  Gauthier,  Ecole 
Polytechnique,  France.  Calculations  of  the  electron  energy  distri¬ 
bution,  the  absorption  coefficient,  and  the  hard  x-ray  emission  in 
high-intensity  femtosecond  laser-produced  plasmas  is  presented, 
(p.  20) 

12:00m 

ThB4  •  Continuum  lowering  in  100-fs  laser-produced  plasmas,  M. 
Nantel,  T.  Buma,  J,  Workman,  A.  Maksimchuk,  D.  Umstadter,  Univ. 
Michigan.  Through  time-  and  space-resolved  emission  and  absorp¬ 
tion  XUV  spectroscopy,  we  observe  and  measure  continuum  lower¬ 
ing  in  high-density  plasmas  created  by  100-fs  laser  pulses,  (p.  23) 

12:15pm-2:00pm 

Lunch  on  Own 


V 


THURSDAY 


MARCH  20,  1997 


ZIA  CONCOURSE _ 

2:00pm-6:00pm 

Conference  Registration  and  Speaker/Presider  Check-^in 

ZIA  A _ _ 

2:00pm-3:30pm 

The  •  X-ray  Lasers 

L.  DaSilva,  Lawrence  Livermore  National  Laboratory  Presider 

2:00pm 

ThCI  (Keynote)  •  Saturated  table-top  soft  x-ray  lasers  by  discharge 
excitation,  J.  J.  Rocca,  F.  G.  Tomasel,  J.  L.  A.  Chi  I  la,  M.  C.  Marconi, 
V.  N.  Shlyaptsev,  C.  H.  Moreno,  B.  R.  Benware,  J.  J.  Gonzalez,  Colo¬ 
rado  State  Univ,  We  discuss  the  realization  of  compact  soft  x-ray 
lasers  directly  excited  by  fast  discharges.  Saturated  operation  of  a 
46.9  nm  table-top  amplifier  has  been  achieved,  (p.  28) 

2:45pm 

ThC2  (Invited)  •  Low  energy  pumped  x-ray  lasers  with  saturated 
transient  gain,  P.  V.  Nickles,  M.  P.  Kalachnikov,  M.  Schnurer,  W. 
Sandner,  Max-Born-lnstitut,  Germany;  V.  N.  Shlyaptsev,  Colorado 
State  Univ;  C.  Danson,  D.  Neely,  E.  Wolfrum,  M.  Key,  Rutherford 
Appleton  Laboratory  U.K.;  A.  Behjat,  A.  Demir,  G.  Tallents,  Univ. 
Essex,  U.K.;  G,  J.  Pert,  Univ.  York,  U.K.;  J.  Warwick,  C.  Lewis,  Queens 
Univ.  Belfast,  U.K.  A  short-long  pulse  excitation  of  [Ne]-like  Ti  and 
Ge  has  succeeded  in  saturated  short  pulse  lasing  at  32.6  nm  and 
19.6  nm  with  low  pump  energy  level,  (p.  31) 

3:15pm 

ThC3  •  Generation  of  intense  x-ray  laser  radiation  at  8  nm  in  Ni- 
like  Ndions,  H.  Daido,  Y.  Kato,  T.  Imani,  S.  Sezaki,  S.  Hirose,  G.  Y. 
Yoon,  T.  Jitsuno,  Y.  Takagi,  K.  Mima,  Osaka  Univ.,  Japan:  S.  Wang, 
Z.  Lin,  Y.  Gu,  G.  Huang,  H.  Tang,  D.  Ximing,  National  Laboratory 
for  High  Power  Lasers  and  Physics,  China;  G.  Zhang,  Institute  for 
Applied  Physics  and  Computational  Mathematics,  China;  K.  Murai, 
Osaka  National  Research  Institute,  Japan;  H.  Takenaka,  NTT  Ad¬ 
vanced  Technology,  Japan.  Very  intense  radiation  at  8  nm  has  been 
generated  by  amplification  in  Ni-like  Nd  ions  using  double  curved 
targets,  which  were  irradiated  with  laser  pulses  tightly  line-focused 
with  new  optical  configurations,  (p.  34) 

ZIA  CONCOURSE _ 

3:30pm-4:00pm 

Coffee  Break 

ZIA  A _ 

4:00pm-5:45pm 

ThD  •  Applications  of  Short  Wavelength  Light  11 

Michael  White,  Brookhaven  National  Laboratory,  Presider 

4:00pm 

ThD1  (Keynote)  •  Synchrotron  radiation  and  applications,  Irene 
Nenner,  CEA-Centre  de  Saclay,  France.  The  performances  of  syn¬ 
chrotron  radiation  are  presented  by  comparison  with  selected  laser 
based  sources.  Some  applications  in  radiation-matter  interaction  and 
material  science  are  described,  (p.  38) 


4:45pm 

ThD2  •  Time-resolved  x-ray  diffraction  from  laser  excited  crys¬ 
tals,  J.  Larsson,  E.  Judd,  P.  J.  Schuck,  R.  W.  Falcone,  Univ.  Califor- 
nia~Berkeley;  P.  A.  Heimann,  H.  A.  Padmore,  Lawrence  Berkeley 
National  Laboratory;  Z.  Chang,  H.  C.  Kapteyn,  M.  M.  Murnane, 
Univ.  Michigan;  R.  W.  Lee,  Lawrence  Livermore  National  Labora¬ 
tory;  A.  Machacek,  J.  S.  Wark,  Univ.  Oxford,  U.K.  We  have  devel¬ 
oped  an  apparatus  for  x-ray  probing  of  laser-matter  interaction  in 
solids.  Our  detection  system  has  demonstrated  a  temporal  response 
of  1 .5  ps.  (p.  41) 

5:00pm 

ThD3  •  Ultrafast  X-ray  diffraction:  Theory,  M.  Ben-Nun,  Kent  R. 
Wilson,  Univ.  California-San  Diego;T.  J.  Martmez,  Univ.  Illinois;  P. 
M.  Weber,  Brown  Univ.  Theoretical  calculations  of  optical  pump, 
diffraction  probe  measurements  of  electronic  structures  of  excited 
state  atoms  and  molecules  and  the  nuclear  dynamics  during  chemi¬ 
cal  reactions  are  discussed,  (p.  44) 

5:15pm 

ThD4  •  The  optimization  of  soft  X-ray  laser  output,  G.  j.  Tallents, 
A.  Behjat,  A.  Demir,  J.  Y.  Lin,  R.  Smith,  Univ.  Essex,  U.K.;  C.  L.  S. 
Lewis,  A.  MaePhee,  S.  P.  McCabe,  P.  J.  Warwick,  Queen's  Univ. 
Belfast,  U.K.;  D.  Neely,  E.  Wolfrum,  Rutherford  Appleton  Labora¬ 
tory,  U.K.;  J.  Zhang,  Univ.  Oxford,  U.K.;  G.  J.  Pert,  Univ.  York,  U.K.; 
P.  V.  Nickles,  M.  Kalashnikov,  M.  Schnurer,  Max-Born-lnstitut,  Ger¬ 
many.  Short  duration  (2-1 00  ps)  multi-pulse  pumping  of  x-ray  laser 
media  is  shown  to  significantly  enhance  the  x-ray  laser  output  from 
neon-like  ions.  (p.  47) 

5:30pm 

ThD5  •  Biological  x-ray  microscopy  with  a  compact  laser  system, 
M.  Richardson,  M.  Kado,  D.  Torres,  K.  Nekula,  Univ.  Central  Florida; 
Y.  Yamamoto,  H.  Friedman,  Univ.  South  Fiorida-Tampa;].  Rajyaguru, 
M.  J.  Muszynski,  Arnold  Palmer  Hospital  for  Children  &  Women. 
Nanosecond  flash  x-ray  microscopy  of  living  biological  specimens 
is  demonstrated  with  subcellular  spatial  resolution  of  -1 0  nm.  Single 
shot  images,  produced  by  a  compact  laser-plasma  x-ray  source, 
optimized  for  maximum  image  contrast,  are  captured  before  radia¬ 
tion  processes  can  affect  the  specimen,  (p.  50) 

ANASAZI  SOUTH 


6:00pm-8:00pm 

ThE  •  Poster  Session 
ThEI  •  Moved  to  ThD4 

ThE2  •  Tunable,  ultrashort,  high-intensity  kilohertz  mid-infrared 
laser  system,  B.  Sheehy,  M.  Widmer,  R.  Lafon,  A.  Gambhir,  L.  F. 
DiMauro,  Brookhaven  National  Laboratory  An  ultrashort  pulse  ki¬ 
lohertz  laser  system  operating  between  3  and  4.5  microns  has  been 
developed.  Initial  MPI  studies  and  applications  to  coherent  control 
are  discussed,  (p.  55) 

ThE3  •  Characterization  of  a  flatfield  spectrometer  for  the  VUV 
and  XUV spectral  range,  K.  Sokolowski-Tinten,  G.  Jenke,  A.  Orisch, 
D.  von  der  Linde,  Univ.  GHS-Essen,  Germany.  A  flatfield  spectrom¬ 
eter  in  conjunction  with  a  thinned,  back-illuminated  CCD  camera 
is  characterized  in  the  XUV  spectral  range  to  study  high-order  har¬ 
monic  generation  from  solid  surfaces,  (p.  58) 


vi 


THURSDAY 


MARCH  20,  1997 


ThE4  •  Demonstration  of  a  0.54  ps  x-ray  streak  camera,  Z.  Chang, 
A.  Rundquist,  H.  Wang,  H.  C.  Kapteyn,  M.  M.  Murnane,  Univ.  Michi¬ 
gan;  X.  Liu,  B.  Shan,  J.  Liu,  L.  Niu,  M.  Gong.  X.  Zhang,  Xi'an  Insti¬ 
tute  of  Optics  and  Precision  Mechanics,  China;  R.  W.  Lee,  Lawrence 
Livermore  National  Laboratory.  We  have  demonstrated  the  fastest 
x-ray  detector  to  date.  The  instrument  response  was  calibrated  with 
use  of  femtosecond  x-ray  pulses  produced  by  high-harmonic  gen¬ 
eration.  (p.  60) 

ThE5  •  Multiterawatt  ultraviolet  laser  system,  F.  G.  Omenetto,  K. 
Boyer,  J.  W.  Longworth,  A.  McPherson,  T.  Nelson,  W.  A.  Schroeder, 
C.  K.  Rhodes,  Univ.  Hlinois-Chicago.  New  improvements  on  our 
Ti:Sapphire/KrF*  laser  system  have  opened  the  road  to  stable 
multiterawatt  pulse  generation  in  the  UV  region  at  X  =  248  nm. 

(p.  63) 

ThES  •  0.125  terawatt  kilohertz  laser  system.  Sterling  Backus, 
Charles  Durfee,  Margaret  Murnane,  Henry  Kapteyn,  Univ.  Michi¬ 
gan.  We  describe  a  high-average-power  terawatt  laser  system  that 
generates  20-fs  pulses  with  2,5  mj  of  energy,  (p.  66) 

ThE7  •  X-ray  magneto-optical  Kerr  effect  and  its  applications,  Chi- 
Chang  Kao,  Brookhaven  National  Laboratory.  Dramatic  enhance¬ 
ment  of  the  magneto-optica!  Kerr  effect  is  observed  in  x-ray  range 
because  of  large  spin-orbit  coupling  of  core-electrons.  Examples 
and  applications  will  be  given,  (p.  69) 

TbE8  •  Barrier-suppression  ionization  of  complex  atoms  and  di¬ 
atomic  molecules,  V.  P.  Krainov,  Moscow  Institute  of  Physics  and 
Technology  Russia.  Analytical  expressions  are  obtained  for  energy 
and  angular  distributions  of  ejected  electrons  at  the  barrier-suppres¬ 
sion  ionization  of  complex  atoms,  atomic  ions,  and  diatomic  mol¬ 
ecules  by  strong  low-frequency  laser  radiation.  New  effect  of 
resonance  tunneling  in  molecules  is  suggested,  (p.  72) 

ThE9  •  Precision  tests  of  laser-tunneling  ionization  models,  B. 
Buerka,  J.  P.  Knauer,  S.  J.  McNaught,  D.  D.  Meyerhofer,  Univ.  Roch¬ 
ester.  Electron  spectrometers  are  used  for  precision  tests  of  tunnel¬ 
ing  ionization  rates  and  electron  initial  conditions  in  an  intense  1 .5 
ps,  1  pm  laser  field,  (p.  75) 

ThElO  •  Tunneling  ionization  of  molecules,  B.  A.  Zon,  Voronezh 
State  Univ.,  Russia.  A  generalization  of  Ammosov-Delone-Krainov 
theory  is  presented  for  ionization  of  molecules  in  laser  field,  (p.  77) 

ThEII  •  Spectral  structure  in  high  harmonic  emission,  Hai-Wen 
Wang,  Zenghu  Chang,  Andy  Rundquist,  Henry  Kapteyn,  Margaret 
Murnane,  Univ.  Michigan;  Ivan  P.  Christov,  Sofia  Univ.,  Bulgaria. 
We  demonstrated  experimentally,  for  the  first  time,  we  believe,  the 
existence  of  spectral  structure  in  the  mid-plateau  region  of  high  har¬ 
monic  emission  in  gases.  (p.  78) 

ThE12  •  Enhanced  harmonic  generation  using  pulse  shaping,  Andy 
Rundquist,  Erik  Zeek,  Halwen  Wang,  Zenghu  Chang,  Margaret 
Murnane,  Henry  Kapteyn,  Univ.  Michigan;  Ivan  Christov,  Sofia  Univ., 
Bulgaria.  We  present  theory  and  experiments  on  the  use  of  pulse 
shaping  techniques  to  enhance  the  output  from  high  harmonic  gen¬ 
eration  in  atoms,  (p.  81) 


ThE13  •  Time-dependent  Schrodinger  equation  for  the  interaction 
between  a  laser  pulse  and  a  one-dimensional  metal,  P.  Martin,  G. 
Petite,  CEN  Saclay  France.  Electron  and  harmonic  spectra  resulting 
from  the  interaction  between  a  short  laser  pulse  and  a  linear  chain 
of  atoms  are  calculated  and  discussed.  The  case  of  a  nearly  free 
electron  metal  is  taken  as  an  example,  (p.  84) 

ThE14  •  Determination  of  the  duration  of  UV  femtosecond  pulses, 

J.-F.  Ripoche,  B.  S.  Prade,  M.  A.  Franco,  G.  Grillon,  R.  Lange,  A. 
Mysyrowicz,  ENSTA-Ecole  Polytechnique,  France.  Using  cross-phase 
modulation  and  spectral  analysis,  one  determines  the  duration  of 
femtosecond  pulses  at  wavelengths  ranging  from  the  near  infrared 
to  the  near  ultraviolet,  (p.  87) 

ThEI 5  •  Increased  coherence  length  in  high  order  harmonic  gen¬ 
eration  by  a  self-guided  beam,  H.  R.  Lange,  A.  Bouhal,  J.-F.  Ripoche, 
A.  Mysyrowicz,  ENSTA-Ecole  Polytechnique,  France;  P.  Breger,  P. 
Agostini,  Centre  d'Etudes  de  Saclay,  France.  We  report  on  the  gen¬ 
eration  of  harmonics  in  xenon  up  to  the  15th  order  by  an  optical 
filament  with  1 20-fs  and  0.9-mJ  laser  pulses,  (p.  90) 

ThEI 6  •  Spectral-spatial  measurements  of  fundamental  and  third 
harmonic  light  scattered  from  ionizing  gas  in  the  focus  of  a  25-fs 
laser  pulse,  J.  Peatross,  Brigham  Young  Univ.;  S.  Backus,  j.  Zhou, 
M.  M.  Murnane,  H.  C.  Kapteyn,  Univ.  Michigan.  An  intense  25-fs 
laser  pulse  undergoes  severe  distortions  as  it  ionizes  gas  near  the 
focus  in  a  backfilled  chamber.  The  spectral  content  of  the  scattered 
light  is  measured  verses  angle,  (p.  93) 

ThEI 7  •  Coherence  properties  of  ultrashort  high-order  harmon¬ 
ics,  P.  Salieres,  B.  Carre,  M.  Lewenstein,  Centre  d'Etudes  de  Saclay 
France;  Ph.  Antoine,  Univ.  Catholique  de  Louvain,  Belgium;  A. 
L'Huillier,  Lund  Institute  of  Technology  Sweden.  We  discuss  the 
coherence  properties  of  high-order  harmonics  and  the  related  pos¬ 
sibilities  of  generating  ultrashort  pulses,  (p.  96) 

ThEI 8  •  Spatial  coherence  measurement  of  high  order  harmonic 
radiation,  T.  Ditmire,  E.  T.  Gumbrell,  R.  A.  Smith,  j.  W.  G.  Tisch,  M. 
H.  R.  Hutchinson,  Imperial  College  of  Science,  Technology  and 
Medicine,  U.K.;  D.  D.  Meyerhofer,  Univ.  Rochester.  With  a  Young's 
two-slit  experiment,  we  have  measured  the  spatial  coherence  of 
soft  x-rays  produced  by  high  order  harmonic  generation  in  the  270 
A  to  480  A  range,  (p.  98) 

ThEI 9  •  Application  of  MeV  x  rays  from  femtosecond  laser-pro¬ 
duced  plasmas  to  the  study  of  photonuclear  effects,  H.  Schillinger, 
Ch.  ZIener,  R.  Sauerbrey,  Friedrich-Schiller-Univ.  Jena,  Germany; 
H.  Langhoff,  Univ.  Wurzburg,  Germany.  We  measured  X-ray  spec¬ 
tra  from  femtosecond  laser-produced  plasmas  in  the  energy  range 
200  keV-7  MeV  to  determine  the  feasibility  of  triggering  and  ob¬ 
serving  laser-driven  photonuclear  reactions,  (p.  101) 

ThE20  •  Ultra-intense  lasers  for  fast  ignition  in  inertial  confine¬ 
ment  fusion  at  He,  Osaka,  T.  Yamanaka,  Y.  Kato,  Y.  Kitagawa,  R. 
Kodama,  H.  Takabe,  H.  Fujita,  T.  Kanabe,  M.  Nakatsuka,  K.  Mima, 
Osaka  Univ.,  Japan.  A  1  ps-30  TW  laser  and  a  100  TW  laser  as 
thirteenth  beam  of  the  GEKKO  XII  laser  system  are  constructed  to 
experimentally  verify  the  fast  ignition  concept  in  inertial  confine¬ 
ment  fusion,  (p.  103) 
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ThE21  •  Conical  emission  of  a  femtosecond  pulse  undergoing  self- 
focusing  and  ionization  in  air,  O.  G.  Kosareva,  V.  P.  Kandidov, 
Moscow  State  University,  Russia;  A.  Brodeur,  S.  L.  Chin,  Univ.  Lavai, 
Canada.  Conical  emission  from  the  long  (==1 00  m)  filament  created 
by  a  femtosecond  pulse  in  air  is  shown  to  be  the  consequence  of 
spatlotemporal  pulse  transformation  in  the  conditions  of  ionization. 
Numerical  and  experimental  studies  of  conical  emission  are  pre¬ 
sented.  (p.  106) 

ThE22  •  A  three-dimensional  ponderomotive  trap  for  high  energy 
electrons,  J,  L.  Chaloupka,  T.  J.  Kessler,  D.  D.  Meyerhofer,  Univ. 
Rochester.  Athree-dimensional  ponderomotive-optical  trap  for  high 
energy  electrons  is  generated  by  placing  a  phase  mask  in  the  near¬ 
field  of  an  intense  laser,  (p.  109) 

ThE23  •  X-laser  induced  nuclear  decay:  Resonance  internal  con¬ 
version,  B.  A.  Zon,  V.  E.  Chernov,  Voronezh  State  University  Rus¬ 
sia.  Induced  discrete  conversion  involving  a  nuclear  transition  in 
keV-region  is  considered.  The  numerical  results  are  presented  for 
^^Tc;  some  other  nuclei  (’°^Ag,  ’«^Os,  ’^^Os,  ^^’Au,  ’^^Ir,  ^“^Pb,  ^^^Th, 
are  discussed,  (p.  110) 

ThE24  •  Laser  wakefield  acceleration  experiments,  H.  Kotaki,  K. 
Nakajima,  H.  Ahn,  K.  Tani,  Japan  Atomic  Energy  Research  Institute; 
H.  Nakanishi,  A.  Ogata,  National  Laboratory  for  High  Energy  Phys¬ 
ics,  Japan;!.  Watanabe,  T.  Ueda,  M.  Uesaka,  K.  Kinoshita,  The  Univ. 
Tokyo,  Japan;  M.  Kando,  Kyoto  Univ.,  Japan.  Laser  wakefield  accel¬ 
eration  of  electrons  was  demonstrated  using  the  1 00  fs,  2  TW  laser 
system  and  17  MeV  RF  linac  electron  injector.  Accelerated  elec¬ 
trons  up  to  100  MeV  were  observed,  (p.  112) 

ThE2S  •  Influence  of  relativistic  structure  and  retardation  in  two- 
photon  transitions  in  hydrogenic  systems,  C.  Szymanowski,  V. 
Veniard,  R.  Taieb,  A.  Maquet,  Univ.  Pierre  et  Marie  Curie  Paris  VI, 
France.  Two-photon  probability  amplitudes  for  bound-bound  tran¬ 
sitions  including  retardation  are  calculated  by  use  of  a  Sturmian- 
like  expansion  of  the  Dirac  Coulomb  Green's  function,  (p,  115) 

ThE26  •  Self-guiding  without  focusing  nonlinearity:  Leaking  mode 
self-effect  resulting  from  field-induced  saturable  ionization,  A.  M. 

Sergeev,  A.  V.  Kim,  Russian  Academy  of  Sciences;  M.  Lontano, 
EURATOM-ENEA-CNR  Association,  Italy.  We  demonstrate  that  ul¬ 
trashort  pulse  self-guiding  over  distances  of  many  Rayleigh  lengths 
can  be  achieved  in  the  absence  of  any  focusing  nonlinearity  as  a 
result  of  trapping  of  a  slowly  leaking  wave  in  a  plasma  channel 
produced  by  field-induced  ionization  in  the  saturation  regime. 

(p.118) 

ThE27  •  All-optical  femtosecond  electron  accelerator,  j.-K.  Kim,  E. 
Dodd,  D.  Umstadter,  Univ.  Michigan.  Electrons  are  optically  in¬ 
jected  into  a  laser  wakefield  without  the  need  for  either  a  photo¬ 
cathode  or  an  RF  gun  injector.  Femtosecond  bunches  of  multi-MeV 
electrons  with  small  energy  spread  are  produced,  (p.  121) 

ThE28  •  High-intensity  sub  femtosecond  sub-cycle  pulses,  solitons, 
and  shock  waves  via  cascade  SRS  and  "EM-bubbles"  generation, 
A.  E.  Kaplan,  P.  L.  Shkolnikov,  The  Johns  Hopkins  Univ.  High-inten¬ 
sity  (1  O’"*-!  0^^  W/cm^),  sub-cycle,  near-  or  sub-femtosecond  (-10"’^ 
s)  pulses,  solitons,  and  shock  optical  waves  can  be  achieved  via 
multifrequency  modelocking  in  the  cascade  stimulated  Raman  scat¬ 
tering  or  half-cycle  solitons  ("EM-bubbles")  resulting  from  quantum 
or  classical  ionization  potentials.  We  discuss  related  physics  and 
possible  applications,  (p.  124) 


ThE29  •  Backward  and  multi-echo  field  ionization  by  intense  non¬ 
envelope  "superpulses,"  P.  L.  Shkolnikov,  A.  E.  Kaplan,  The  Johns 
Hopkins  Univ.  We  demonstrate  the  feasibility  of  a  qualitatively  new 
quantum  effect,  backward  and  multi-echo  field  ionization,  in  the 
interaction  of  ultrashort  nonoscillating  pulses  ("superpulses")  with 
atoms  and  quantum  wells,  (p.  127) 

ThE30  •  Absorption  of  high  intensity  femtosecond  laser  pulses  in 
solids  and  the  production  of  suprathermal  electrons,  T.  Feurer,  W. 
Theobald,  R.  Sauerbrey,  I.  Uschmann,  D.  Altenbernd,  U.  Teubner, 
P.  Gibbon,  E.  Forster,  Friedrich-Schiller-Univ.,  Germany;  G.  Malka, 
J.  L.  Miquel,  Centre  d'Etudes  de  Limeil-Valenton,  France.  Using  a 
femtosecond  frequency-doubled  Nd:Glass  laser  system  with  a  con¬ 
trast  ratio  of  1 0^^  and  an  intensity  of  up  to  2  x  1 0^^  W/cm^  the  ab¬ 
sorption  in  solid  targets  and  the  production  of  hot  electrons  has 
been  investigated,  (p.  130) 

ThE31  •  Absolute  measurement  of  the  spectral  brilliance  of  a 
subpicosecond  UV-laser-induced  soft  x-ray  source,  R.  Haf^ner,  W. 
Theobald,  R.  Sauerbrey,  D.  Altenbernd,  U.  Teubner,  E.  Forster, 
Friedrich-Schiller-Univ.  Jena,  Germany;  T.  Wilhein,  B.  Niemann, 
G.  Schmahl,  Georg-August-Univ.  Gottingen,  Germany.  Absolute 
measurements  of  the  spectral  brilliance  of  subpicosecond  laser-plas¬ 
mas  are  obtained  with  a  novel  soft  x-ray  spectrograph.  More  than 
10’^  photons/shot  are  emitted  by  the  strongest  lines  in  the  water 
window,  (p.  133) 

ThE32  •  Control  of  the  x-ray  emission  from  high-intensity  ultrashort 
laser-produced  plasmas,  Y.  Teubner,  D.  Altenbernd,  E.  Forster, 
Friedrich-Schiller-Univ.  Jena,  Germany.  Results  of  a  detailed  inves¬ 
tigation  to  understand,  control,  and  optimize  the  x-ray  emission  from 
high-intensity  picosecond  and  femtosecond  laser  plasmas  at  vari¬ 
ous  experimental  conditions  are  presented,  (p.  136) 

ThE33  •  Solid  to  plasma  transition  in  femtosecond-laser-irradiated 
Fe:  Collapse  of  the  spin-orbit  gap,  M.  K.  Grimes,  Y.-S.  Lee,  M.  C. 
Downer,  The  Univ.  Texas-Austin.  Self-reflectivity  of  high  contrast 
100-fs  pulses  up  to  10^^  W/cm^  from  Fe  targets  determines  the  di¬ 
electric  constant  and  the  length  of  the  expanding  density  gradient. 
(p.139) 

ThE34  •  Anomalous  short  wavelength  emission  by  optical  field 
ionization  of  a  preformed  boron  plasma,  Katsumi  Midorikawa, 
Yutaka  Nagata,  Cornelius  Wulker,  Koichi  Toyoda,  The  Institute  of 
Physical  and  Chemical  Research,  Japan.  We  report  reduction  of  the 
pump  laser  intensity  required  for  an  optical-field  ionized  x-ray  laser 
operating  below  10  nm.  (p.  142) 

ThE35  •  Overheating  of  femtosecond  plasma  in  freely  suspended 
superthin  films,  V.  G.  Babaev,  M.  S.  Dzhidzhoev,  V,  M.  Gordienko, 
M.  A.  Joukov,  A.  B.  Savel'ev,  A.  A.  Shashkov,  A.  P.  Tarasevitch,  R.  V. 
Volkov,  Moscow  State  Univ.,  Russ/a.  A  threefold  increase  in  plasma 
temperature  up  to  450  eV  has  been  obtained  when  heating  a  30  nm 
carbon  film  by  10^^  W/cm^  200  fsec  laser  pulse.  Promising  the  ad¬ 
vantages  of  the  superthin  targets  under  relativistic  intensities  are 
discussed,  (p.  145) 

ThE36  •  The  role  of  wavebreaking  in  second  harmonic  generation 
from  femtosecond  laser-produced  plasmas,  D.  von  der  Linde,  T. 
Engers,  Univ.  Essen,  Germany.  Time-resolved  measurements  sug¬ 
gest  that  the  reflected  second  harmonic  is  strongly  affected  by 
wavebreaking  in  an  early  stage  of  the  expansion  at  a  scale  length  of 
a  few  percent  of  the  wavelength,  (p.  148) 


VIII 


THURSDAY 


MARCH  20,  1997 


ThE37  •  100-fs  laser  absorption  in  solid  density  targeU,  Dwight  F. 
Price,  R.  M.  More,  R.  S.  Walling,  R.  E.  Stewart,  Lawrence  Livermore 
National  Laboratory.  Experimental  and  numerical  results  are  pre¬ 
sented  for  the  variation  of  solid  target  absorption  over  a  range  of 
intensities,  incidence  angles,  polarizations,  and  target  materials. 

(p.  151) 

ThE38  •  Propagation  of  subpicosecond  laser  pulses  through  a  fully 
ionized  plasma,  P.  E.  Young,  P.  R.  Bolton,  Lawrence  Livermore  Na¬ 
tional  Laboratory.  Measurements  of  transmitted  light,  90° 
sidescattered  light,  and  FROG  traces  have  demonstrated  relativistic 
filamentation  of  600-fs  laser  pulses  in  a  preformed,  fully  ionized 
plasma,  (p.  154) 

ThE39  •  Hot  electron  distribution  from  short  pulse  laser  plasma, 

M.  Schnurer,  M.  P.  Kalachnikov,  P.  V.  Mickies,  Th.  Schlegel,  W. 
Sandner,  Max-Born-lnstitut,  Germany;  P.  Ambrosi,  R.  Nolte, 
Physikaliscb-Tecbnische  Bundesanstalt,  Germany.  Energy  resolved 
absolute  hard  x-ray  dose  values  from  sub-ps  laser  plasmas,  com¬ 
pared  with  a  Monte  Carlo  Bremsstrahlung  code,  show  a  non- 
Boltzmann  hot  electron  distribution,  (p.  157) 

ThE40  •  Strong-field  ionization  of  molecules  at  35  fs,  G.  N.  Gibson, 
M.  Li,  C.  Guo,  Univ.  Connecticut.  We  describe  a  novel  aberration- 
free  multipass  kilohertz  TirSapphire  amplifier  suitable  for  ultrashort 
laser  pulses,  which  we  have  used  to  study  the  strong-field  ioniza¬ 
tion  of  molecules.  (p.  160) 

ThE41  •  Intensity-dependent  probabilities  for  strong  field  ioniza¬ 
tion  of  xenon,  M.  A.  Walker,  P.  Hansch,  L.  D.  Van  Woerkom,  The 
Ohio  State  Univ.  We  present  ionization  probability  versus  intensity 
measurements  for  xenon,  extracted  directly  from  time-of-flight  mass 
spectra  taken  using  ISS.  (p.  163) 

ThE42  •  Eight-  and  nine-photon  resonances  in  above  threshold  ion¬ 
ization  of  xenon,  P.  Hansch,  M.  A.  Walker,  L.  D.  Van  Woerkom, 
The  Ohio  State  Univ.  We  report  the  first  observation  of  higher  order 
multiphoton  resonances  in  xenon  using  800  nm  light  near  the  satu- 
ration  intensity.  (p.  166) 


ThE43  •  Simulation  of  ionization  ignition  and  inner  atom  shellion- 
ization  in  ultrafast  laser-driven  clusters,  C.  Rose-Petruck,  K.  R. 
Wilson,  C.  P.  J.  Barty,  Univ.  California-San  Diego;  K.  J.  Schafer,  Loui¬ 
siana  State  Univ.  The  ionization  dynamics  of  rare  gas  clusters  in 
intense,  ultrafast  laser  fields  is  simulated  revealing  "ionization  igni¬ 
tion."  Approximate  atomic  inner  shell  ionization  probabilities  are 
calculated,  (p.  168) 

TbE44  •  Rare  gas  clusters  in  intense  laser  fields,  M.  Lezius,  S. 
Dobosz,  P.  d'Olivera,  P.  Meynadier,  M.  Schmidt,  CEA-Saciay,  France; 
J.-P.  Rozet,  D.  Vernet,  Univ.  Paris  VI,  France.  A  quantitative  study 
on  x-ray  photon  yield,  ion  temperature,  and  ion  charge  states  de¬ 
pending  on  clustering  conditions,  intensity  and  wavelength  of  laser 
irradiation,  (p,  171) 

ThE45  •  Femtosecond  stimulation  of  atomic  and  nuclear  processes 
in  high  intensity  laser  plasmas,  V  S.  Rozanov,  N.  Demchenko,  S. 
Gus'kov,  P.  N.  Lebedev  Physical  Institute,  Russia;  M.  Richardson, 
Univ.  Central  Florida;  D.  Saizmann,  Soreq  Nuclear  Research  Cen¬ 
ter,  Israel.  The  dynamics  of  the  interaction  of  intense  femtosecond 
laser  pulses  with  dense  plasmas  is  examined.  In  particular  we  con¬ 
sider  the  effect  of  the  high  fields  generated  in  plasmas  created  from 
heavy  isotopes  of  hydrogen  on  the  ion  kinetics  and  neutron  genera¬ 
tion.  (p.  173) 

TbE46  •  A  debris-less  laser-plasma  source  for  EUV  and  XUV  gen¬ 
eration,  David  S.  Torres,  Christopher  M.  DePriest,  Martin  Richardson, 
Univ.  Central  Florida.  The  development  of  compact,  high  repetition 
rate  (>1  kHz),  EUV-XUV  laser-plasma  source,  which  uses  mass-lim¬ 
ited,  debris-less,  droplet  targets  is  described,  (p.  175) 

ThE47  •  Guiding  of  sub-100  femtosecond  pulses  in  preformed 
plasma  channels,  S.  P.  Nikitin,  T.  R.  Clark,  H.  M.  Milchberg,  Univ. 
Maryland.  Sub-1 00-fs  pulses  from  a  Ti:sapphire  laser  system  were 
synchronously  injected  and  guided  in  preformed  plasma  channels. 
Synchronization  issues,  the  guided  pulse  profile  and  FROG  mea¬ 
surements  of  guided  pulses  are  presented,  (p.  178) 
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ZIA  CONCOURSE _ 

8:00am-1  2:00m 

Conference  Registration  and  Speaker/Presider  Check-in 

ZIA  A _ 

8:30am-1  0:1  Sam 

FA  •  Harmonics  I 

P.  Salieres,  Centre  d'Etudes  de  Saclay,  France,  Presider 
8:30am 

FA1  (Keynote)  •  Photoelectron  spectroscopy  with  broadly  tunable 
femtosecond  harmonics:  Applications  in  physics  and  chemistry, 
Richard  Haight,  IBM  T.  J.  Watson  Research  Center.  Photoelectron 
spectroscopy  carried  out  with  high  harmonics  of  femtosecond  la¬ 
sers  provides  a  unique  means  of  investigating  the  physics  and  chem¬ 
istry  of  a  wide  variety  of  materials.  Method  and  experiment  will  be 
described,  (p.  182) 

9:15am 

FA2  •  Temporal  coherence  of  high-order  harmonics,  C.-G. 
Wahlstrom,  C.  Altucci,  M,  B.  Gaarde,  A.  L'Huillier,  C.  Lynga,  R. 
Zerne,  Lund  Institute  of  Technology,  Sweden;  M.  Bellini,  L.E.N.S., 
Italy;!.  W.  Hansch,  Max-Planck-lnstitutfurQuantenoptik,  Germany. 
We  present  results  from  an  investigation  where  we  study  the  inter¬ 
ference  of  two  different  sources  of  high-order  harmonic  radiation 
produced  by  the  same  laser  beam.  (p.  185) 

9:30am 

FAS  •  Coherent,  tunable,  x-ray  emission  at  5  nm  using  high-har¬ 
monic  generation,  Zenghu  Chang,  Andy  Rundquist,  Haiwen  Wang, 
Henry  Kapteyn,  Margaret  Murnane,  Univ.  Michigan; X’wjqin  Liu,  Bing 
Shan,  Xi'an  Institute  of  Optics  and  Precision  Mechanics,  China.  High- 
harmonics  of  a  25-fs  Ti:sapphire  laser,  up  to  the  1 55th  order  or  5.2 
nm,  have  been  generated  in  helium,  (p.  187) 

9:45am 

FA4  •  Ultrafast  diffraction  from  Rydberg  wave  packets  using  high 
harmonics,  Kenneth  J.  Schafer,  Louisiana  State  Univ.;  Jeffrey  L. 
Krause,  Univ.  Florida.  We  present  calculations  that  demonstrate  that 
high  harmonics  can  be  used  to  image  the  time-dependent  spatial 
distribution  of  a  Rydberg  wave  packet,  (p.  190) 

1  0:00am 

FAS  •  Ultrashort  high  harmonic  pulse  generated  in  a  highly  ion¬ 
ized  gas,  A.  Bouhal,  G.  Grillon,  A.  Mysyrowicz,  A.  Antonetti,  ENSTA- 
Ecole-Polytechnique,  France;?.  Breger,  P.  Salieres,  P.  Agostini,  Centre 
d'Etudes  de  Saclay,  France;  R.  Constantinescu,  H.  G.  Muller,  FOM- 
AMOLF,  The  Netherlands.  Using  a  cross-correlation  technique,  we 
study  the  effect  of  the  ionization  rate  on  the  duration  of  high-order 
harmonics  generated  in  a  rare  gas.  (p.  193) 

ZIA  CONCOURSE 


10:1  5am-1  0:45am 

Coffee  Break 


ZIA  A 


1  0:45am-1  2:1  5pm 

FB  •  Harmonics  11 

Justin  Peatross,  Brigham  Young  University,  Presider 
1  0:45am 

FBI  (Invited)  •  Intense  laser  interactions:  Hot  electrons  and  high 
harmonic  ionization,  L.  D.  Van  Woerkom,  S.  Evans,  P.  Hansch,  M. 
A.  Walker,  Ohio  State  Univ.  We  report  new  high  resolution  photo¬ 
electron  and  ion  yield  studies  of  strong  optical  field  ionization  us¬ 
ing  intense  800  nm  fundamental  light  and  its  high  harmonics. 

(p.  196) 

11:15am 

FB2  (Invited)  •  High  harmonics  as  a  probe  for  femtosecond  laser- 
produced  plasmas,  W.  Theobald,  R.  Hal^ner,  R.  Sauerbrey,  Friedrich- 
Schiller-Univ.  Jena,  Germany.  High  harmonics  produced  by  intensive 
terawatt  lasers  can  be  used  to  measure  the  evolution  of  laser-pro¬ 
duced  plasmas  on  a  femtosecond  time  scale,  (p.  199) 

11:45am 

FB3  •  Short  pulse  laser  drive  of  a  supersonic  radiation  front  into 
solid  matter,  E.  T.  Gumbrell,  T.  Ditmire,  R.  A.  Smith,  M.  H.  R. 
Hutchinson,  Imperial  College  of  Science,  Technology  and  Medi¬ 
cine,  U.K.  Using  picosecond,  time-resolved  optical  probing  of  high 
intensity  laser-heated  fused  silica,  we  have  observed  radiation-driven 
ionization  fronts  with  velocities  up  to  1 0^  cm/s.  (p.  202) 

12:00m 

FB4  •  Developments  in  XUV  laser  radiography  of  laser  driven  tar¬ 
gets,  M.  H.  Key,  D.  H.  Kalantar,  J.  Nilson,  B.  A.  Remington,  S.  V. 
Weber,  Lawrence  Livermore  National  Laboratory;  E.  Wolfrum,  D. 
Neely,  S.  J.  Rose,  Rutherford  Appleton  Laboratory,  U.K.;  J.  Zhang, 
N.  S.  Kim,  J.  S.  Wark,  Oxford  Univ.,  U.K.;C.  L.  S.  Lewis,  A.  G.  Mac 
Phee,  J.  Warwick,  Queens  Univ.  Belfast,  U.K.;  A.  Demir,  J.  Lin,  R. 
Smith,  G.  J.  Tallents,  Essex  Univ.,  U.K.  We  report  new  radiography 
results  with  a  Ge  XUV  laser,  characterization  of  the  speckle  pattern 
of  the  laser  and  development  of  shorter  wavelength  Ni-like  lasers 
for  radiography,  (p.  205) 

1  2:1  5pm-1 :45pm 

Lunch  on  Own 


X 


FRIDAY 


MARCH  21,  1997 


ZIA  CONCOURSE _ _ 

1 :45pm-5:00pm 

Conference  Registration  and  Speaker/Presider  Check-in 
ZIA  A _ 

1 :45pm-3:45pm 

FC  •  High  Field  Laser-Electron  Interaction 

Richard  R.  Freeman,  Lawrence  Livermore  National  Laboratory, 
Presider 

1 :45pm 

FC1  (Keynote)  •  Accelerator  based  source  development:  Higher, 
wider  and  shorter,  Erik  D.  Johnson,  Brookhaven  National  Labora- 
tory.  A  host  of  new  sources  are  currently  being  pursued  throughout 
the  world  which  push  the  performance  boundaries  higher,  wider 
and  shorter  than  thought  possible  only  a  few  years  ago  for  accelera¬ 
tor  based  technologies.  Various  free  electron  laser  configurations 
open  the  window  to  high  power,  sub-picosecond  synchrotron  ra¬ 
diation  sources  over  a  wide  range  of  wavelengths.  Storage  ring 
sources  still  have  some  room  for  improvement  within  reason,  and 
intense  pulsed  x-ray  sources  by  Compton  scattering  are  now  being 
experimentally  investigated.  This  talk  will  outline  the  scope  of  these 
developments  as  they  relate  to  the  production,  and  possible  utiliza¬ 
tion,  of  novel  sources  of  radiation  based  on  accelerator  technology, 
(p.  208) 

2:30pm 

FC2  (Invited)  •  Observation  of  nonlinear  laser-electron  and  laser- 
photon  scattering,  C.  Bamber,  S.  Boege,  T.  Koffas,  T.  Kotseroglou, 
A.  C.  Melissinos,  D.  D.  Meyerhofer,  D.  Reis,  Univ,  Rochester;  C. 
Bula,  K.  T,  McDonald,  E.  Prebys,  Princeton  Univ.;  D.  L.  Burke,  R.  C. 
Field,  G.  Horton-Smith,  A.  C.  Odian,  J.  C.  Spencer,  D.  Walz,  Stanford 
Linear  Accelerator  Center;  S.  Berridge,  W.  Bugg,  K.  Shmakov,  A. 
Weidemann,  Univ.  Tennessee.  Nonlinear  laser-electron  and  laser- 
photon  scattering  (positron  production  by  laser  light)  were  observed 
during  the  interaction  of  an  intense  laser  with  46.6  GeV  electrons, 
(p.  209) 

3:00pm 

FC3  (Invited)  •  High  energy  photon  generation  in  colliding  laser 
pulses,  F.  V.  Hartemann,  A.  L.  Troha,  J.  R.  Van  Meter,  N.  C.  Luhmann, 
Jr.,  Univ.  California-Davis;  A.  K.  Kerman,  Massachusetts  Institute  of 
Technology.  An  ultrahigh  intensity  drive  laser  boosts  the  energy  of 
relativistic  electrons;  a  counterpropagating  probe  pulse  then  stimu¬ 
lates  Compton  backscattering  at  the  peak  energy  to  produce  TeV 
photons.  The  critical  probe  laser  injection  angle  and  the  wavelength 
scaling  of  this  process  are  derived,  (p.  211) 

3:30pm 

FC4  •  Single  pass  free  electron  lasers  as  sources  of  short  wave¬ 
length  coherent  radiation,  Li  Hu  a  Yu,  Brookhaven  National  Labo¬ 
ratory.  We  discuss  the  properties  of  single  pass  free  electron  lasers 
starting  from  a  sub-harmonic  seed  or  from  self  amplified  spontane¬ 
ous  radiation,  (p.  214) 

ZIA  CONCOURSE 


3:45pm-4:1  5pm 

Coffee  Break 


ZIA  A 


4:1 5pm-6:00pm 

FD  •  Strong  Field  Atomic  Physics 

Wolfgang  Sandner,  Max  Born  Institute,  Germany,  Presider 

4:1  5pm 

FD1  (Invited)  •  Nonperturbative  time-dependent  theory  of  two- 
electron  atoms  in  strong  fields,  Jian  Zhang,  P.  Lambropoulos,  Max- 
Planck-lnstitut,  Germany.  A  method  for  the  nonperturbative  solution 
of  the  time-dependent  Schrodinger  equation  in  the  presence  of  sev¬ 
eral  open  channels  and  double  ionization  is  presented,  (p.  216) 

4:45pm 

FD2  •  Pbotoelectron  spectrometry  of  XUV  multiphoton  processes 
in  helium,  A.  Bouhal,  G.  Hamoniaux,  A.  Mysyrowicz,  A.  Antonetti, 
ENSTA-Ecole-Polytechnique,  France;  P.  Breger,  P.  Agostini,  Centre 
d'Etudes  de  Saclay,  France;  R.  Constantinescu,  H.  G.  Muller,  FOM- 
AMOLF,  The  Netherlands;  L.  F.  DiMauro,  Brookhaven  National  Labo¬ 
ratory.  By  focusing  with  a  wide-band  W-Re  spherical  mirror  an  XUV 
beam  of  harmonics  3-15  of  800  nm  (266-61  nm)  in  helium,  we 
observe  two-photon  ionization  processes,  (p.  219) 

5:00pm 

FD3  •  Laser-assisted  multicolor  photoionization  of  atoms  with 
higher  harmonics,  Alfred  Maquet,  Richard  TaTeb,  Valerie  Veniard, 
Univ.  Pierre  et Marie  Curie,  France.  We  simulate  photoelectron  spec¬ 
tra  as  they  would  be  obtained  by  using  a  radiation  pulse  containing 
higher  harmonics  together  with  the  laser  used  to  generate  them. 

(p.  221) 

5:1  5pm 

FD4  •  Generation  and  stimulated  amplification  of  high  energy  pho¬ 
ton  bursts  at  gas  ionization  by  few-optical-cycle  laser  pulses,  A.  V. 

Kim,  M.  D.  Chernobrovtseva,  D.  V.  Kartashov,  A.  M.  Sergeev,  Rus¬ 
sian  Academy  of  Sciences.  We  present  an  investigation  of  high  en¬ 
ergy  photon  production  in  subfemtosecond  time  scale  that  is  driven 
by  few-optical-cycle  laser  pulses.  It  is  shown  that  coherent  ultrashort 
x-ray  pulses  may  be  exponentially  amplified,  (p.  223) 

5:30pm 

FD5  •  Electron  dynamics  in  the  strong  field  limit  of  photoioniza¬ 
tion,  B.  Sheehy,  B.  Walker,  R.  Lafon,  M.  Widmer,  A.  Gambhir,  L.  F. 
DiMauro,  Brookhaven  National  Laboratory;  P.  Agostini,  Centre 
d'Etudes  de  Saclay,  France;  K.  C.  Ku lander,  Lawrence  Livermore 
National  Laboratory.  Strong  field  tunnel  ionization  has  been  exam¬ 
ined  over  a  large  dynamic  range  using  kilohertz  lasers,  making  quan¬ 
titative  comparison  to  rescattering  calculation  possible,  (p.  226) 

5:45pm 

FD6  •  Molecular  hydrogen  in  an  intense  light  field,  J.  Ludwig,  H. 
Rottke,  W.  Sandner,  Max-Born-lnstitut,  Germany.  We  investigate  the 
interaction  of  X^Eg-*-  ground  state  H2  and  D2  molecules  with  intense 
subpicosecond  laser  pulses  at  1 053  nm  and  527  nm  and  for  the  first 
time  the  interaction  of  selectively  prepared  state  H2  molecules 

with  Intense  near  IR  light  pulses,  (p.  229) 

ANASAZI  NORTH 


6:00pm-8:00pm 

Conference  Reception 


xi 


SATURDAY 


MARCH  22,  1997 


ZIA  CONCOURSE _ 

8:00am-1  2:00m 

Conference  Registration  and  Speaker/Presider  Check-in 

ZIA  A _ 

8:30am-1  0:1  Sam 

SaA  •  Wakefields 

Henry  Kapteyn,  University  of  Michigan^  Presider 
8:30am 

SaAl  (Invited)  •  Time  and  space  resolved  density  development  of 
a  laser  produced  plasma  waveguide,  T.  R.  Clark,  H.  M.  Milchberg, 
S.  P.  Nikitin,  Univ.  Maryland.  Interferometer  measurements  are  pre¬ 
sented  for  a  laser-produced  plasma  waveguide  suitable  for  the  guid¬ 
ing  of  high  intensity  laser  pulses  over  many  Rayleigh  lengths. 

(p.  234) 

9:00am 

SaA2  (Invited)  •  Relativistically  self-guided  laser-wakefield  accel¬ 
eration,  R.  Wagner,  S.-Y  Chen,  A.  Maksimchuk,  D.  Umstadter,  Univ. 
Michigan.  The  effect  of  the  relativistic  self-guiding  on  the  energy 
and  divergence  of  an  electron  beam  accelerated  by  a  laser  wakefield 
is  presented,  (p.  237) 

9:30am 

SaA3  (Invited)  •  Temporal  characterization  of  plasma  wakefields 
driven  by  intense  femtosecond  laser  pulses,  S.  P.  Le  Blanc,  M.  C. 
Downer,  T.  Tajima,  The  Univ.  Texas-Austin;  C.  W.  Siders,  Los  Alamos 
National  Laboratory;  R.  Wagner,  S.-Y.  Chen,  A.  Maksimchuk,  G. 
Mourou,  D.  Umstadter,  Univ.  Michigan.  Femtosecond  pump-probe 
techniques  based  on  frequency  domain  interferometry  and  forward, 
collective  Thomson  scattering  are  used  to  characterize  resonant  and 
self-modulated  laser  wakefield  accelerators,  (p.  240) 

1  0:00am 

SaA4  •  Research  in  laser  acceleration  at  LLNL,  C.  A,  Back,  H.  A. 
Baldis,  T,  E.  Cowan,  R.  R.  Freeman,  A.  Friedman,  D.  P.  Grote,  C.  A. 
Hagmann,  W.  L.  Kruer,  A.  B.  Langdon,  N.  C.  Luhmann,  M.  J.  Mugge, 
M.  D.  Perry,  T.  W.  Phillips,  W.  M.  Sharp,  K.  van  Bibber,  W.  E.  White, 
S.  C.  Wilks,  J.  G.  Woodworth,  Lawrence  Livermore  National  Labo¬ 
ratory;  F.  Hartemann,  J.  P.  Heritage,  C,  J.  Jackson,  B.  Kolner,  G.  Le 
Sage,  A.  L.  Troha,  Univ.  California-Davis;  A.  K.  Kerman,  Massachu¬ 
setts  Institute  of  Technology.  A  research  effort  is  beginning  on  laser 
acceleration,  emphasizing  scalable  concepts.  Tools  include:  X-band 
photoinjector,  1 00-TW  and  1 ,25-PW  lasers,  1 00-MeV  linac,  theory 
and  modeling,  (p.  243) 

ZIA  CONCOURSE 


10:1  5am-1  0:45am 

Coffee  Break 


ZIA  A 


1  0:45am-1  2:1  5pm 

SaB  •  Lasers  I 

Catherine  LeBlanc,  ENSTA,  France,  Presider 

1  0:45am 

SaBI  (Invited)  •  Ultrahigh  peak  power  lasers  in  the  lO-fs  regime, 

C.  P.  J.  Barty,  T.  Guo,  F.  Raksi,  C.  Rose-Petruck,  J.  Squier,  B.  Walker, 
K.  R.  Wilson,  V.  V.  Yakovlev,  Univ.  California-San  Diego;C.  LeBlanc, 
ENSTA-LOA,  France;  K.  Yamakawa,  Japan  Atomic  Energy  Research 
Institute,  Japan.  Techniques  for  high-fidelity,  high-repetition-rate 
amplification  of  10-fs-range  pulses  to  ultrahigh  peak  powers  are 
presented.  A  70  TW-level  Tirsapphire  system  incorporating  these 
ideas  is  described  and  requirements  for  the  extension  to  petawatt 
power  levels  are  outlined,  (p.  246) 

11:15am 

SaB2  •  Scaling  of  Ndrglass  pumped  Titsapphire  chirped  pulse 
amplification  (CPA)  systems  to  100  TW  and  beyond,  W.  E.  White, 

D.  F.  Price,  J.  Bonlie,  F.  G.  Patterson,  R.  E.  Stewart,  Lawrence 
Livermore  National  Laboratory.  We  report  on  progress  in  produc¬ 
tion  of  >10  J,  <100  fs  pulses  from  a  Ti:sapphire  CPA  system.  Data  is 
presented  demonstrating  energies  of  >1  J,  focussed  intensities  of  >5 
X  10^^  W/cm^.  (p.  249) 

1 1 :30am 

$aB3  •  Amplitude  and  phase  characterization  of  10-fs  pulses  gen¬ 
erated  by  hollow-core  fiber  pulse  compression,  Charles  G.  Durfee 
III,  Sterling  Backus,  Henry  C.  Kapteyn,  Margaret  Murnane,  Univ. 
Michigan.  We  use  frequency-resolved  optical  gating  to  optimize 
and  characterize  compression  of  amplified  pulses.  These  are  the 
shortest  high-power  pulses  characterized  to  date.  (p.  251) 

11:45am 

SaB4  •  Multi-pulse  interferometric  frequency  resolved  optical 
gating:  Real-time  phase-sensitive  imaging  of  ultrafast  dynamics, 

C.  W.  Siders,  A.  J.  Taylor,  Los  Alamos  National  Laboratory;  M.  C. 
Downer,  Univ.  Texas-Austin.  We  demonstrate  a  powerful  new  tool 
for  real-time  Imaging  of  ultrafast  phase  shifts  and  recovering  the 
intensity  and  phase  of  three  pulses  in  a  single  shot.  (p.  254) 

12:00m 

SaB5  •  Generation  of  tunable  femtosecond  VUV  pulses  around 
100  nm  by  resonant  and  near-resonant  four-wave  difference  fre¬ 
quencymixing,  G.  Korn,  O.  Kittelmann,  J.  Ringling,  A.  Nazarkin,  I. 
V.  Hertel,  Max-Born-lnstitut,  Germany.  Using  a  0.1  TWTi:sapphire 
"master  laser,"  tunable  femtosecond  VUV  radiation  has  been  gen¬ 
erated  in  the  region  1 00-1 24  nm  by  two-photon  resonant  and  near¬ 
resonant  four-wave  difference-frequency  mixing  (cDd  =2c0p  -  (0i)  in 
krypton  and  argon  using  intense  femtosecond  ArF  laser  pulses  (cOp) 
and  tunable  femtosecond  pulses  (o)i)  generated  by  an  optical  para¬ 
metric  generator,  (p.  257) 


1  2:1  5pm-2:00pm 

Lunch  on  Own 


SATURDAY 


I  MARCH  22,  1997 


ZIA  CONCOURSE _ 

2:00pm-5:00pm 

Conference  Registration  and  Speaker/Presider  Check-in 

ZIA  A  _ _ 

2;00pm-3;30pnri 

SaC  •  Lasers  II 

A.  Taylor,  Los  Alamos  National  Laboratory,  Presider 

2:00pm 

SaCI  (Keynote)  •  Design  and  performance  of  the  petawatt  laser 
system,  M.  D.  Perry,  D.  M.  Pennington,  B.  C.  Stuart,  R.  Boyd,  J.  A. 
Britten,  C.  G  Brown,  S.  Herman,  J.  L.  Miller,  H.  Hguyen,  B.  Shore, 
G.  Tietbohl,  V.  Yanovsky,  Lawrence  Livermore  National  Laboratory 
We  recently  demonstrated  the  production  of  1 .25  PW  of  peak  power 
in  the  Nova/Petawatt  Laser  Facility,  generating  >500  j  in  430  fs. 
Recent  experiments  on  active  beam  control  and  targeting  system 
producing  >10^^  W/cm^  will  be  described,  (p.  264) 

2:45pm 

SaC2  (Invited)  •  Ultrahigh  peak  power  lasers  present  and  future, 

Gerard  Mourou,  Univ.  Michigan.  We  have  seen  over  the  past  few 
years  an  explosion  in  laser  peak  power.  Today  the  lasers  have  peak 
power  of  TW  and  average  power  of  few  watts  with  focused  inten¬ 
sity  well  in  the  exawatt/cm^  range.  We  will  describe  the  next  gen¬ 
eration  of  CPA  lasers  that  will  take  us  into  the  yottawatt/cm^  range 
with  kW  average  power,  (p.  267) 


3:1  5pm 

SaC3  •  Generation  of  30  TW  femtosecond  pulses  at  10  Hz  in  a 
ThSapphire  laser  chain,  A.  Antonetti,  F.  Blasco,  J.  P.  Chambaret,  G. 
Cheriaux,  G.  Darpentigny,  G.  Hamoniaux,  C.  Le  Blanc,  P.  Rousseau, 
F.  Salin,  ENSTA-Ecole  Polytechnique,  France.  We  describe  a 
femtosecond  laser  chain  capable  of  reaching  30  TW  at  1 0  Hz  in  27 
fs  with  focused  intensities  higher  than  6  10^^  W/cm^.  (p.  268) 

ZIA  CONCOURSE _ _ 

3:30pm-4:00pm 

Coffee  Break 

ZIA  A _ 

4:00pm-5:30pm 

PdP  •  Postdeadline  Paper  Session 

Anne  L'Huillier,  Lund  Institute  of  Technology  Sweden,  Presider 

5:30pm-5:45pm 

Closing  Remarks 


xiii 


Applications  of  Short 
Wavelength  Light  I 


ThA  8:30am  -  10:15am 
Zia  A 


Pierre  Agostini,  Presider 
Centre  d’Etudes  de  Saclciy,  France 


2/ThAl-l 


Extreme  Ultraviolet  Lithography 


Jeffrey  Bokor 

University  of  Califomia-Berkeley 


Some  of  the  highlights  of  the  recent  dramatic  progress  in  the  development  of 
extreme  ultraviolet  lithography  technology  will  be  reviewed,  with  emphasis  on  the 
challenge  of  fabricating  and  testing  a  diffraction-limited  optical  imaging  system  at 
13  run  wavelength. 


ThA2-l/3 


X-ray  microscopy:  new  capabilities  and  short  pulse  possibilities 

C.  Jacobsen,  J.  Kirz,  J.  Maser,  A.  Osanna,  S.  Spector,  S.  Wang,  and  S.  Wirick 
Department  of  Physics,  SUNY  Stony  Brook 
Stony  Brook  NY  11794-3800 
B.  Calef,  M.  Howells,  S.  Lindaas,  and  D.  Pinkus 
Advanced  Light  Source 
Lawrence  Berkeley  Laboratory 
Berkeley  CA  94720 
D.  Tennant 

Lucent  Technologies  Bell  Laboratories 
Crawford  Corners  Rd 
Holmdel  NJ  07733-1988 

Discussions  of  x-ray  holography  as  a  demanding  application  for  high  intensity  sources 
date  back  at  least  two  decades  [1,  2],  and  x-ray  lasers  have  been  used  in  demonstrations  of 
x-ray  microscopy  [3,  4,  5].  At  the  same  time,  synchrotron-based  x-ray  microscopes  have  been 
developed  for  imaging  of  hydrated,  unsectioned  biological  specimens  at  30-50  nm  resolution, 
and  these  microscopes  are  in  regular  operation  at  Gottingen/Berlin,  Berkeley,  Arhus,  Stony 
Brook/Brookhaven,  and  elsewhere. 

This  paper  discusses  new  developments  in  x-ray  microscopy,  and  considers  the  roles  which 
high  intensity  sources  might  play  in  light  of  these  developments.  The  new  developments 
include: 

•  More  complete  characterizations  of  radiation  damage  effects,  which  clarify  the  limits 
imposed  by  the  long  exposure  times  (seconds  to .  minutes)  required  at  synchrotron 
radiation  sources. 

•  The  introduction  of  cryo  methods,  whereby  a  hydrated  specimen  is  rapidly  frozen  in 
a  manner  which  can  lead  to  an  amorphous  form  of  ice  with  no  apparent  ice  crystal 
damage.  In  electron  microscopy,  this  has  been  shown  to  give  well-preserved  specimens 
with  greatly  increased  radiation  tolerance.  First  results  in  x-ray  microscopy  have  shown 
similar  promise  [6,  7,  8,  9]. 

•  The  development  of  zone  plates  with  outer  zone  widths  of  30  nm  and  below,  both  with 
specialized  systems  [10]  and  with  commercially-available  equipment  in  microfabrication 
labs  [11]. 

•  The  development  of  atomic  force  microscopy  readout  and  computer  reconstruction  for 
high  resolution  x-ray  holography  [12]. 

•  The  use  of  x-ray  absorption  near-edge  resonances  for  chemical-state  imaging  [13].  An 
example  application  has  been  the  quantitative  mapping  of  protein  and  DNA  concen¬ 
trations  in  sperm  at  100  nm  resolution  so  as  to  rule  out  certain  models  of  chromosome 
packing  [14]. 
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•  The  use  of  dark  field  methods  for  visualizing  gold  labels  with  antibodies  to  tag  specific 
biochemical  sites  [15],  and  the  possibilities  for  luminescent  labeling  [16,  17]. 

•  Detailed  simulations  of  contact  microscopy,  pointing  out  the  difficulties  of  interpreta¬ 
tion  of  high  resolution  structure  in  the  images  [18,  19]. 

Activities  in  these  areas  at  the  X-lA  beamline  at  the  NSLS  will  be  described. 

What  are  the  pulsed  source  characteristics  that  would  be  most  useful  for  x-ray  mi¬ 
croscopy?  The  requirements  include: 

•  The  right  x-ray  wavelengths,  or  (better  yet)  tunability.  Penetration  and  contrast  con¬ 
siderations  lead  to  a  desire  for  wavelengths  in  the  range  of  4.5  nm  (the  carbon  edge) 
down  to  perhaps  0.4  nm  for  phase  contrast  microscopy,  or  0.1  nm  for  x-ray  diffrac¬ 
tion  applications.  Both  Fresnel  zone  plates  and  holography  require  monochromaticity, 
either  from  the  intrinsic  linewidth  of  the  source  or  through  the  use  of  a  monochromator. 

•  Sufficient  number  of  photons.  All  high  resolution  experiments  presently  use  either  Fres¬ 
nel  zone  plates  with  5-10%  efficiency,  or  photoresist  detectors  which  also  have  about 
10%  efficiency.  The  unique  capabilities  of  x-ray  microscopy  center  on  samples  with 
water  thickness  1-10  /im  rather  than  0.1  /xm,  and  support  membranes  and  monochro¬ 
mator  systems  lead  to  additional  flux  loss.  Total  exposures  of  at  least  10^°  photons  on 
the  sample  and  10^^  photons  from  the  source  are  typical,  and  for  scanning  microscopy 
and  holography  these  photons  must  have  a  high  degree  of  mutual  coherence. 

•  Either  single-pulse  exposure  in  a  timescale  of  ^  10“®  seconds,  or  a  compact  system  for 
multiple-pulse  integration. 

Short  pulse  exposure  would  make  possible  flash  imaging  of  initially  living  specimens. 
This  would  be  especially  useful  if  the  pulse  could  be  split  to  acquire  data  from  multiple 
angles  simultaneously  (see  e.g.,  [20]).  Hydrodynamic  blurring  is  likely  to  degrade 
exposures  made  over  longer  times  [21,  22],  unless  the  exposure  were  to  be  made  over 
timescales  of  a  millisecond  or  longer  so  as  to  allow  for  efficient  heat  transport  [22,  23]. 

With  cryo  specimens,  cheap,  convenient,  and  compact  systems  could  be  used  for  longer 
exposure  times  or  multiple-pulse  integration,  and  microscope  systems  with  such  sources 
are  under  development. 

The  unique  types  of  experiments  which  would  be  made  possible  with  short  pulse  sources  will 
be  described. 
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The  electron-impact  x-ray  tube  has  reached  its  technological  limit,  and  after  many  years  of 
improvements  it  is  clear  that  some  of  the  inherent  deficiencies  of  this  x-ray  source  for  radiology 
cannot  be  overcome.  These  deficiencies  are  the  heat-dissipation  problem  which  limits  the 
density  of  the  power  that  can  be  delivered  by  the  electron  beam,  and  the  related  problem  of  the 
limit  on  the  minimum  focal  spot  size.  The  relatively  large  focal  spot  size  prevents  effective  work 
in  a  high  magnification  regime  and  limits  the  ability  to  image  mo^hology  of  the  coronary 
artries,  after  intravenous  injection  of  the  iodine  contrast  agent,  with  a  spacial  resolution  of 
0.5mm''. 


A  laser-  driven,  photon-impact  X-ray  source  for  mammography  and  angiography  may  be 
able  to  overcome  these  limitations.  The  x-ray  source  is  created  upon  the  collision  of  visible  or 
infrad  photon  beam  with  the  surfaces  of  solids.  Presently,  modem  high  power  lasers  can  deliver 
easily  in  excess  of  lO'^W/cm^  to  a  target  area  as  small  as  5|xm  in  diameter.  This  should  be 
contrast  with  the  power  density  delivered  by  traditional  electron-impact  X-ray  tubes  which 
typically  does  not  exceed  10®W/cml  An  extremely  short  X-ray  pulse  duration,  determined  by 
the  laser  pulse  temporal  stractrue  and  target  stmctmre,  typically  of  the  order  of  lO  '^s  and  a  very 
small  focal  spot  diameter,  determined  by  the  laser  beam  diameter  on  the  target  and  the  laser- 
target  interaction,  are  the  inherent  features  of  this  new-X-ray  source.' 
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A  laser-driven  hard  X-ray  source  is  characterized  at  INRS  laser  facility.  E^RS  laser 
system  consists  of  a  laser  opearting  at  IJ,  0.03Hz  repetition  rate,  infrad  coherent  radiation 
with  1.05|im  wavelength  in  550fs  pulses.  The  initial  laser  beam  is  split  by  a  KDP  crystal  into 
two  pulses:  a  low  intensity,  infrad  pulse  (1.053|im,  550fs  and  400mJ)  and  a  high  intensity, 
green  pulse  (0.53|xm,  400fs,  400mJ).  The  time  delay  between  the  two  pulses  can  be  varied 
from  0  to  200ps.  The  infrad  pulse  is  focused  by  a  f/6  lens  on  a  Mo  target  forming  a  controlled 
preplasma  about  lOOiam  in  diameter,  while  the  delayed  green  pulse  is  focused  by  a  f/3  off-axis 
parabolic  mirror  to  about  10pm  in  diameter.  The  radiation  intensities  are  lO'^W/cm^  and 
10'*W/cm^  for  the  infrad  and  green  pulses.  The  target  is  kept  in  a  vacuum  chamber.  An 
experimental  setup  is  shown  in  Fig.l. 


The  X-ray  yield  was  measured  with  a  multichannel  spectrometer  which  consisted  of 
several  photomultipliers-Nal(Tl)  scintillator  detectors  with  suitable  K-edge  filters  and  a  crystal 
spectrometer.  Background  signals  were  eliminated  by  the  use  of  very  thick  lead  shielding  and 
electron  sweeping  magnets  in  the  front  of  the  dectors.  The  spectrometers  were  carefully 
calibrated  to  investigated  the  conversion  efficiency  from  laser  light  to  X-rays  photons  in  the  10- 
lOOkeV  range.  The  image  of  the  focal  spot  were  obtained  using  a  pinhole  camera  and 
photographic  film.  The  images  of  test  objects  were  obtained  using  suitable  filters  and  films. 


The  high  energic  electrons,  or  suprathermal  electrons  are  created  in  the  laser-target 
interaction.  The  suprathermal  electrons  then  penetrate  the  solid  target  to  conver  their  energy  into 
hard  x-ray  by  Bremsstrahlung  and  characteristic  X-ray  emission.  The  temperature  of 
suprathermal  electrons  created  in  the  present  experiment  was  estimated  from  the  slope  of  the 
hard  X-ray  spectra  (lO-lOOkeV)  to  be  at  25keV.  The  conversion  efficiency  of  laser  energy  to  X- 
ray  photons  is  varied  with  the  time  delay  between  the  infrad  and  green  pulses.  The  maximum 
conversion  efficiency  of  about  2x10  ^  was  reached.  This  is  comparable  to  the  conversion 
efficiency  of  an  X-ray  tube  with  a  Mo  target  at  25kVp  which  is  estimated  as  9x10-^.  The  duration 
of  the  X-ray  pulse  was  estimated  by  our  time-resolved  spectroscopy  to  be  about  8ps.  The 
emitted  X-ray  flux  at  20keV  within  a  IkeV  bandwidth  can  be  estimated  as  6x10®  photons  in  2  it 
srd.  per  laser  shot,  which  is  around  0.2MW. 


Fig.2  (a)Line-spread  function  inferred  from  resolution  pattern  image  and  (b)  Predicted 
modulation  function  with  48pLm  FWHM  for  objective  magnification  of  2. 


The  X-ray  focal  spot  was  evluated  from  the  images  taken  with  resolution  test  patten  set  at 
different  objective  magnification,  as  well  as  from  pinhole  camera  images.  We  observed  that  the 
characteristic  dimention  of  laser  driven  X-ray  source  is  reduced  by  an  order  of  magnitudeas 
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compared  with  the  micro  focal  spot  produced  by  an  X-ray  tube.  We  found  the  brightness 
distibution  of  a  X-ray  focal  spot  of  a  laser  driven  source  could  be  best  described  by  a  two- 
dimensional  Gaussian  distribution  from  the  analysis  of  an  image  of  a  resolution  pattern  taken  in 
the  experiment.  The  line  spread  function  (LSF)  inferred  from  the  microdensitometer  trace  of  the 
image  of  resolution  test  pattern  is  shown  in  Fig.2a.  The  FWHM  of  fitted  Gaussian  LSF  is  equal 
to  48|J.m.  It  is  well  known  that  the  modulation  transfer  function  (MTF)  of  a  focal  spot  with 
Gaussian  intensity  distribution  is  also  a  Gaussian  function^.  Therefore,  we  can  easily  predict 
MTF  due  to  the  focal  spot  for  different  object  magnification  (M).  Results  obtained  for  a  FWHM 
equal  to  48p.m  and  M  equal  to  2  is  shown  in  Fig.2b. 


Fig.3  Bremsstrahlung  spectra  from  filtered  X-ray  tube  ( solid  line)  and  laser  driven 
X-ray  source  (dashed  line) 


The  disadvantage  of  a  laser  based  X-ray  source  is  the  high  energy  component  of  its 
emission  spectrum,  which  may  reduce  the  subject  contrast,  another  concern  of  the  imaging 
system.  Fig.3  shows  the  comparison  Bremsstrahlung  spectra  delivered  by  calculated  30keV  X- 
ray  tube  and  laser  driven  X-ray  source  filtered  by  50[tm  of  molybdenum  filter.  We  found  that 
X-ray  tube  provides  a  more  suitable  spectrum  for  contrast  ratio  at  20keV  because  it  shows  a  low 
number  of  high  energy  (greater  than  20keV)  photons  compared  to  laser  based  X-ray  source. 


Due  to  high  spatial  resolution  performance  using  laser  X-ray  source,  it  would  be 
interesting  to  use  Ross  filter  imaging  technique  where  the  transmission  window  will  be  centered 
at  desired  wavelength  range  or  digital  suWaction  to  improve  the  contrast  effect  from  the 
emission  spectrum. 
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INTRODUCTION 

The  use  of  laser-produced  plasmas  as  soft  x-ray  sources  has  been  investigated  for  a  long  time. 
Laser  pulse  durations  were  normally  of  the  order  of  nanoseconds,  and  high  peak  powers  were 
consequently  only  available  at  very  large  laser  facilities.  This  situation  changed  with  the 
development  of  terawatt  laser  systems  based  on  the  chirped-pulse  amplification  technique.  With 
these  laser  systems,  peak  powers  in  the  terawatt  range  became  available  in  ultra-short  pulses, 
leading  to  focused  intensities  well  above  10*’  W-cm'^. 

It  was  soon  found,  that  focusing  of  such  intense  pulses  onto  solid  targets  resulted  in  the 
generation  of  intense,  energetic  bursts  of  x-ray  radiation  [1].  The  unique  properties  of  this  x-ray 
emission  have  lead  to  an  increasing  interest  in  possible  radiological  applications  which  cannot  be 
implemented  with  conventional  x-ray  tube  technology.  Key-points  for  advanced  applications  are 
the  very  short  x-ray  pulse  duration  and  the  small  source  size,  corresponding  to  a  high  brightness 
of  the  source,  and  the  spectral  composition  of  the  x-ray  emission.  The  conversion  efficiency  from 
laser  light  into  x-rays,  above  25  keV,  can  be  as  high  as  0.16  %  [2]. 

A  laser-produced  plasma  soince  has  the  advantage  of  being  relatively  compact  and  less  expen¬ 
sive  than  for  example  a  synchrotron,  which  is  another  x-ray  source  that  can  be  used  for  novel 
medical  applications.  More  recently  introduced  x-ray  generation  schemes,  which  might  become 
relevant  for  radiological  application  (e.g.  free-electron  lasers),  are  still  hampered  by  the  relatively 
low  achievable  photon  energy  and  flux. 

Apart  from  radiological  applications  discussed  in  this  paper,  x-ray  radiation  from  laser- 
produced  plasmas  is  also  used  in  a  large  number  of  more  research-orientated  applications,  e.g. 
ultrafast  diffraction  experiments  and  x-ray  pump-and-probe  schemes. 

Setup  and  Source  characteristics 

The  Lund  Laser  Centre  terawatt  laser  system  [3]  was  used  in  the  presented  work.  In  its  present 
setup,  it  typically  delivers  pulses  of  1 10  fs  duration,  at  794  nm  and  10  Hz  repetition  rate,  with 
about  150  mJ  of  energy  on  target.  In  the  target  chamber,  the  laser  pulses  are  focused  with  a  para¬ 
bolic  mirror  onto  a  rotating  tantalum  target  [4].  Focused  intensities  on  the  target  surface  are  of 
the  order  of  10*’  W-cm'^.  X-ray  radiation  is  emitted  in  a  broad  spectral  range,  extending  from  be¬ 
low  1  keV  up  to  several  100  keV  or  even  MeV  [5].  The  x-ray  pulse  duration  in  the  region  below 
10  keV  is  of  the  order  of  a  few  picoseconds  [6].  At  higher  photon  energies,  it  becomes  increas¬ 
ingly  difficult  to  measure  the  pulse  duration.  We  measured  an  apparatus-limited  pulse  duration,  at 
effective  detection  energies  of  >  50  keV,  to  be  less  than  10  ps.  The  X-ray  intensity  after  filtering 
with  0.15  mm  of  copper  (in  order  to  suppress  the  low-energy  part  of  the  emission)  is  of  the  order 
of  100  MW/sr  (assuming  a  pulse  length  of  2  ps),  as  determined  with  TLD  dosimeters.  The  x-ray 
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source  size  was  measured  to  be  about  30  pm 
(FWHM),  using  a  5  pm  diameter  platinum  pinhole. 
A  typical  pinhole  image  is  shown  in  Figure  1. 
Source  size  measurements  at  different  energy  ranges 
will  be  presented. 

At  the  present  stage,  the  average  x-ray  intensity 
is  stiU  much  lower  than  for  conventional  x-ray  de¬ 
vices.  An  intensity  increase  can  be  achieved  by  both 
increasing  laser  intensity  and  repetition  rate.  How¬ 
ever,  dosimetric  considerations  have  to  be  taken 
into  account  for  radiological  applications,  because 
an  increase  in  laser  intensity  will  change  the  x-ray 
emission  spectrum. 

MAGNIHCATION  AND  SHORT-PULSE  IMAGING 

The  small  source  size  allows  for  the  sharp  x-ray 
imaging  of  very  small  objects,  which  will  be  shown 
for  some  test  patterns.  The  ability  to  detect  such 
small  objects  is  of  importance  both  in  medical  (e.g. 
breast  tissue  micro-calcifications  or  bone- 
Figure  1:  X-ray  sourcrpbhole  Image  and  micro  Structures)  and  technical  imaging  (e.g.  detec- 

corresponding  intensity  profile.  tion  of  microcracks).  Another  advantage  of  using 

x-ray  magnification  imaging  is  the  reduction  of 
scattered  radiation  due  to  the  air  gap  (scattered  radiation  is  less  directional  than  unscattered 
radiation,  therefore  decreasing  relatively  faster  with  increasing  path  length  to  the  detector).  The 
x-ray  intensity  is  sufficiently  high  to  obtain  images  in  a  single  x-ray  pulse  [5].  This  opens  new 
possibilities  for  the  x-ray  imaging  of  short-lived  processes,  as  for  example  solid-state  phase 
transitions  or  fast  rupture  processes.  However,  fast  processes  of  radiological  interest  on  such 
short  time  scales  are  quite  rare. 

When  aiming  towards  medical  applications,  dosimetry  becomes  an  important  aspect  and  was 
therefore  addressed  in  a  study  on  cell  survival,  where  living  cells  were  exposed  to  various  doses  of 
laser-generated  x-rays  [7].  Results  from  this  study  will  be  presented. 

SCATTER-REDUCED  IMAGING 

Scattered  radiation  has  always  been  a  major  concern  in  medical  radiology,  because  it  reduces 
the  contrast  and  the  detectability  of  structures  of  interest.  The  potential  of  scatter-reduced  imag¬ 
ing  is  not  only  an  improved  image  quality  (with  unchanged  absorbed  dose  for  the  patient),  but 
also  a  possible  reduction  in  the  absorbed  dose  received  by  the  patient  (while  preserving  the  image 
quality). 

As  demonstrated  earlier,  scattered  radiation  can  be  partly  suppressed  by  time-gated  detection 
of  short  x-ray  pulses  [8].  This  concept  of  time-gated  imaging  has  been  succesfully  applied  in  the 
optical  domain  [9].  We  have  studied  in  more  detail  the  potential  image  improvements  through 
time-gated  x-ray  imaging,  investigating  the  influence  of  photon  energy,  time  resolution  and  tissue 
composition  [10].  As  shown  in  Figure  2  for  the  example  of  soft  tissue,  significant  image  im- 
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provements  (up  to  a  factor  of  5  at  20  cm  tissue 
thickness)  can  be  obtained,  when  choosing  an 
appropriate  photon  energy. 

Results  will  be  presented,  showing  the  influence 
of  the  x-ray  pulse  shape  on  the  performance  of 
time-gated  imaging.  For  example,  a  fast  rising 
edge  of  the  x-ray  pulse  can  result  in  an  increased 
image  in^rovement,  allowing  the  trailing  edge  to 
have  a  longer  temporal  decay  without  loss  of 
image  quality.  These  results  might  guide  x-ray 
pulse-shaping  considerations  in  more  application- 
orientated  setups.  Comparisons  with  already 
established  scatter-reduction  techniques,  i.e.  anti-  Figure  2:  Simulated  image  improvement  relative  to 
scatter  grids,  will  be  given.  The  intrinsic  advantage  >ioii-gated  imaging  for  soft  tissue  as  a  function  of 
of  time-gated  imaging  is  that  all  photons  exiting  photon  energy  (gate  width:  20  ps). 
the  patient  reach  the  detector.  This  is  in  contrast  to  grid  techniques  where  some  part  of  the 
radiation  is  attenuated  by  the  collimating  structures.  Therefore,  at  cortparable  detector 
sensitivities,  time-gated  imaging  would  be  superior.  However,  at  present  times  the  limitations  in 
x-ray  sensitivity  of  time-gated  image  detectors  result  in  inferior  performance  compared  to  anti¬ 
scatter  grids.  Fortunately,  the  rapid  technical  development  of  detection  techniques  might  soon 
overcome  this  problem. 
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Many  practical  applications  of  ultrashort,  high  power  laser  pulses  require  the  laser  pulse  to  be 
focused  to  a  high  intensity  and  remain  relatively  collimated  over  large  distances  in  plasmas.  Such 
applications  include  x-ray  lasers  [1],  laser-plasma-based  electron  accelerators  [2]  and  laser-induced 
nuclear  fusion  schemes  [3].  Self-focusing  and  self-channeling  of  laser  pulses  by  relativistic  and 
ponderomotive  mechanisms  [4]  are  laser-plasma  processes  which  can  accomplish  this  feat. 

This  summary  describes  experimental  measurements  of  the  spatial  and  spectral  properties  of  high 
power  laser  pulses  propagating  in  underdense  plasmas.  The  laser  pulses  were  generated  using  a 
Ti:Al203/KrF*  laser  system  [5]  which  produces  200  mJ  laser  pulses  at  248  nm  with  a  270  fs  pulse 
duration.  The  laser  pulses  were  focused  with  an  f/3  off-axis  parabolic  mirror  to  a  spot  size  of  3  pm 
which  corresponds  to  a  peak  intensity  of  about  10*’  W/cm^.  The  target  was  a  xenon  gas  jet  produced 
by  a  sonic  nozzle  with  a  1.5  mm  orifice.  A  stainless  steel  gas  block  was  attached  to  the  nozzle  on 
the  incoming  side  of  the  orifice  in  order  to  block  the  expansion  of  the  gas  jet  in  the  direction  of  the 
incoming  laser  pulse  and  minimize  the  amount  of  ionization-induced  defocusing  that  can  occur 
before  the  laser  pulse  reaches  the  focal  plane.  The  plasma  is  formed  when  the  xenon  atoms  undergo 
optical-field  and  collisional  ionization.  The  propagation  of  the  laser  pulse  was  imaged  by  focusing 
the  Thomson-scattered  radiation  emitted  in  the  transverse  direction  from  the  plasma  onto  a  CCD. 

Fig.  1  shows  magnified  images  of  the  laser  pulse  propagation  in  the  xenon  gas  jet  for  two  different 
gas  densities.  The  laser  pulse  propagates  from  left  to  right  in  the  figure  and  the  spatial  resolution  of 
each  image  is  6  pm.  The  gap  in  the  signal  on  the  left  side  of  each  image  is  due  to  the  presence  of 
the  gas  block  attached  to  the  nozzle  and  indicates  where  the  edge  of  the  nozzle  orifice  is  located  in 
the  image.  The  laser  propagation  observed  when  the  atom  density  of  the  target  was  5.0x10**  cm  * 
is  shown  in  Fig.  1(a).  The  propagation  shows  the  “bow  tie”  structure  that  is  characteristic  of  a 
linearly  propagating  laser  pulse  which  can  be  explained  by  the  low  atom  density  in  this  case  for 
which  the  presence  of  the  plasma  will  have  a  weak  effect  on  the  laser  pulse.  Fig.  1(b)  shows  the 
laser  pulse  propagation  when  the  target  density  was  1.6x10*’  cm  *.  When  the  laser  pulse  reaches  a 
diameter  of  about  70  pm  the  laser  pulse  self-focuses.  After  the  pulse  self-focuses  it  appears  to 
propagate  in  a  filament  for  a  distance  of  about  200  pm.  The  measured  diameter  of  the  filament  is 
resolution-limited  at  6  pm.  After  this  filament  the  pulse  is  seen  to  diverge  with  a  divergence  angle 
less  than  that  expected  due  to  diffraction.  The  filament  itself  is  very  difficult  to  observe  due  to  the 
weak  level  of  Thomson-scattered  radiation  emitted  from  it.  This  is  possibly  due  to  the 
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ponderomotive  effect  which  expels  free  electrons  from  the  high  intensity  core  of  the  laser  pulse. 
Evidence  for  the  ponderomotive  effect  is  also  shown  by  the  weak  Thomson  emission  from  the 
central  portion  of  the  laser  pulse  immediately  before  and  after  the  filament. 


— 1^ —  200  jLim 

Figure  1 .  Spatially-resolved  Thomson-scattered  radiation  from  a  laser-irradiated  xenon  gas  jet  when 
the  target  density  was  a)  5.0x10'®  cm  ®  and  b)  1.6x10'®  cm  ®.  The  laser  pulse  propagates  from  left  to 
right. 


Measurements  of  the  laser  pulse  energy  transmitted  through  the  gas  jet  as  a  function  of  the  target 
density  show  that  virtually  all  of  the  laser  energy  is  absorbed  when  the  target  density  exceeds  about 
10'®  cm'®.  Above  this  density  only  ASE  from  the  KrF*  amplifiers  in  the  laser  system  was  transmitted 
and  its  transmittance  was  observed  to  fall  off  very  slowly  with  increasing  gas  density.  The  ASE  in 
the  laser  pulse  will  focus  to  a  much  lower  intensity  than  the  amplified  seed  pulse  because  of  its  lower 
energy  (5  mJ),  longer  duration  (20  ns)  and  greater  divergence.  Hence,  it  will  not  be  absorbed  as 
strongly  due  to  the  lower  rate  for  multiphoton  processes.  The  high  degree  of  absorption  in  the  gas 
jet  is  also  evidenced  by  the  termination  of  the  Thomson-scattered  signal  before  the  end  of  the  gas 
jet  in  Fig.  1(b).  The  strong  coupling  of  the  laser  to  the  target  gas  is  attributed  to  the  generation  of 
clusters  in  the  gas  jet  which  have  been  shown  to  enhance  the  absorption  of  laser  energy  [6]. 

Fig.  2  shows  the  transmitted  pulse  spectra  for  three  different  target  densities  including  the 
unmodulated  laser  pulse.  The  blueshifting  of  the  laser  pulse  spectrum  observed  for  the  nonzero  gas 
densities  is  due  to  ionization-induced  self-phase-modulation  [7].  No  evidence  of  stimulated  Raman 
scattering  (SRS)  was  observed  in  the  spectra  of  the  forward  or  transverse  scattered  light.  The 
presence  of  SRS  was  investigated  for  several  gases  (Ne,  Ar,  Kr  and  Xe)  spanning  a  large  range  of 
atomic  number  and  for  a  large  range  in  target  density,  (2.0-30)xl0'*  cm  ®.  The  absence  of  stimulated 
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Raman  scattering  is  attributed  to  the  low  electron  density  for  the  lighter  gases  and  to  the  large 
amounts  of  laser  energy  depletion  for  the  heavier  gases.  In  agreement  with  the  energy  transmission 
measurements,  only  the  spectrum  of  the  ASE  in  the  laser  pulse  was  observed  when  the  gas  density 
exceeded  10'^  cm'^. 


Transmitted-Pulse  Spectra 


Figure  2.  Spectra  of  the  transmitted  pulse  for  three  different  target  densities. 
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Though  the  nature  of  intense,  short  pulse  laser  interactions  with  single  atoms 
and  solid  targets  has  been  the  subject  of  extensive  experimental  and  theoretical 
investigation  over  the  last  15  years,  only  recently  has  the  nature  of  intense  laser 
interactions  with  van  der  Waals  bonded  atomic  clusters  of  20  - 100  A  been  addressed  in 
experiments.  These  experiments  have  suggested  that  the  laser-cluster  interaction  is 
much  more  energetic  than  that  of  isolated  atoms,  producing  bright  x-ray  emission  (100  - 
5000  eV  photons)  when  a  low  density  gas  containing  clusters  is  illuminated  [1,2]. 

While  experiments  have  indicated  indirect  evidence  for  keV  electron  production  in  the 
cluster  through  time  resolved  x-ray  spectroscopic  data  [2],  until  recently  no  direct  data 
on  the  exact  nature  of  the  kinetic  energies  produced  by  the  intense  irradiation  of  clusters 
existed.  In  this  paper  we  present  the  first  energy  distribution  measurements  of  both 
electrons  and  ions  resulting  from  the  interaction  of  a  femtosecond  laser  pulse  with  van 
der  Waals  bonded  clusters.  We  find  that  the  cluster  is  rapidly  heated  by  collisional 
inverse  bremsstrahlung.  This  heats  a  sizable  fraction  of  the  electrons  in  the  cluster  to  a 
temperature  above  1  keV.  The  super-heated  cluster  then  explodes,  ejecting  ions  with 
substantial  kinetic  energy.  In  fact,  ions  with  energy  up  to  1  MeV  are  produced  in  Xe 
clusters. 

Our  experiment  used  a  chirped  pulse  amplification  Tirsapphire  laser  capable  of 
delivering  40  mJ,  150  fs  pulses  at  a  wavelength  of  780  nm.  The  linearly  polarized  laser 
pulse  was  focused  into  a  time-of-flight  (TOP)  chamber,  yielding  a  peak  intensity  of 
about  2.0  X  10“  W/cm^  The  Xe-clusters  were  produced  with  a  solenoid  valve  pulsed 
sonic  gas-jet.  With  sufficiently  high  backing  pressure,  clusters  form  in  the  gas  jet  flow 
due  to  the  cooling  associated  with  the  adiabatic  expansion  of  the  gas  into  vacuum  [3]. 
The  jet  was  operated  with  a  backing  pressure  range  from  0-6  bar.  A  skimmer  served  to 
produce  a  low  density  cluster  beam  which  intercepted  the  laser  beam  at  the  laser  focus. 
The  presence  of  Xe  clusters  in  the  flow  from  our  gas  jet  has  been  confirmed  through  a 
series  of  Rayleigh  scattering  measurements  in  the  gas  jet.  These  measurements 
indicated  that  the  clusters  formed  reach  an  average  diameter  of  65A  ±  5A  with  a  jet 
backing  pressure  of  6  bar.  Three  closely  spaced  grids  were  placed  behind  the  entrance 
aperture  to  the  TOP  drift  tube.  These  grids  allowed  us  to  retard  electrons  produced  at  the 
laser  focus  and  determine  the  electron  energy.  The  ion  energy  spectra  were  determined 
from  the  TOP  spectrum. 

The  energy  spectrum  of  the  electrons  produced  during  the  irradiation  of  50  A  Xe 
clusters  (4.5  bar  backing  pressure)  with  an  intensity  of  1.5  x  10“  W/cm^  is  shown  in 
figure  la.  This  spectrum  was  found  by  measuring  the  electron  yield  in  the  direction  of 
the  laser  polarization  as  a  function  of  retarding  voltage  and  then  differentiating  the 
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result.  The  most  remarkable  aspect  of  this  energy  distribution  is  the  presence  of  a  large 
fraction  of  the  electrons  with  between  2  and  3  keV  of  kinetic  energy.  Previous 
measurements  of  ATI  spectra  from  single  atoms  at  this  intensity  and  pulse  duration  has 
indicated  that  the  vast  majority  of  the  electrons  produced  exhibit  energy  below  100  eV 
[4].  The  spectrum  observed  from  the  Xe  clusters  clearly  exhibits  a  much  greater 
coupling  of  laser  energy  to  hot  electrons  than  is  present  during  the  irradiation  of  single 
atoms.  Another  striking  aspect  of  the  shape  of  the  electron  energy  spectrum  is  the 
presence  of  a  sharply  defined  peak  at  2.5  keV. 

To  further  illuminate  the  physics  of  the  laser  cluster  interaction  and  explain  the 
presence  of  the  sharp  peak  in  the  electron  spectrum  we  have  conducted  numerical 
modeling  of  the  dynamics.  In  brief,  the  model  treats  the  cluster  as  a  spherical 
microplasma,  subject  to  the  standard  processes  of  a  laser  heated  plasma  including  tunnel 
and  collisional  ionization,  collisional  heating,  expansion,  and  electron  free  streaming. 
The  electric  field  in  the  spherical  cluster  is  given  as 

£  =  3£o/|e  +  2|,  (1) 

where  is  the  laser  electric  field  in  vacuum  and  e  is  the  dielectric  constant  of  the  free 
electron  cluster  plasma.  Eq.  1  has  a  sharp  maximum  when  s  =  -2.  At  this  point  the 
cluster  undergoes  rapid  collisional  heating  because  of  an  enhancement  of  the  field  in  the 
cluster.  This  resonance  is  similar  to  the  giant  resonance  in  light  absorption  observed  in 
metallic  clusters  [5].  The  calculated  electron  distribution  for  a  50  A  Xe  cluster  subject 
to  a  150  fe  Gaussian,  780  nm  pulse  with  a  peak  intensity  of  10“  W/cm*  is  shown  in 
figure  lb.  The  calculated  distribution  exhibits  a  close  similarity  to  the  measured  electron 
distribution,  having  a  two  lobed  structure.  The  sharp  peak  near  2  keV  is  clearly 
consistent  with  the  observed  data,  both  in  position  and  its  narrow  width.  The  modeling 
indicates  that  this  peak  is  the  result  of  the  plasmon  resonance  predicted  by  eq.  (1). 

Charge  separation  of  these  hot  electrons  inevitably  leads  to  a  very  fast  expansion 
of  the  cluster  ions.  The  ambipolar  potential  created  by  the  hot  electrons  radially 
accelerate  the  ions  of  the  cluster.  In  figure  2,  the  energy  spectrum,  derived  from  the 
TOP  trace  in  the  inset,  of  Xe  ions  produced  from  the  irradiation  of  65  A  ("  2500  atom) 
Xe  clusters  is  illustrated.  This  energy  spectrum  is  radically  different  than  previously 
observed  ion  energy  spectra  from  the  intense  field  fragmentation  of  molecules  or  small 
clusters.  Most  surprising  is  the  production  of  significant  numbers  of  very  hot  ions  with 
energies  out  to  1  MeV.  This  energy  is  four  orders  of  magnitude  higher  than  has 
previously  been  observed  in  the  Coulomb  explosion  of  molecules  [6]  and  about  1000 
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Figure  1:  (a)  Measured  electron  kinetic  energy  distribution  from  Xe  clusters  for  a  peak  intensity  of  1  x 
10*^  W/cm*  (cluster  size  =  50  A),  (b)  Calculated  electron  energy  distribution  for  a  peak 
intensity  of  1  x  10'^  W/cm*  and  a  cluster  size  of  50  A. 
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Figure  2:  Measured  ion  kinetic  energy  distribution  from  Xe  clusters  for  a  peak  intensity  of  2  x  10“ 
W/cm^  (cluster  size  =  65  A).  The  inset  shows  the  time-of-flight  spectrum. 


times  higher  than  the  energy  of  Ar  ions  ejected  in  the  Coulomb  explosion  of  small 
clusters  irradiated  at  lower  intensity  [7].  The  average  ion  energy  of  the  distribution 
shown  in  figure  2,  defined  as  \E)  ^JEf(E)dEIJ  f(E)dE,  is  45±5  keV.  Thus  the 
average  laser  energy  deposited  in  the  cluster  per  ion  is  substantial.  Furthermore,  we  find 
that  the  ions  are  ejected  with  equal  energy  in  all  directions  with  respect  to  the  laser 
polarization,  an  artifact  of  the  spherical  geometry  of  the  exploding  cluster.  Again,  this 
is  in  stark  contrast  to  the  Coulomb  explosion  of  small  linear  molecules. 

In  conclusion,  we  have  measured  the  energies  of  electrons  and  ions  produced 
during  the  interaction  of  intense,  150  fs  laser  pulses  with  atomic  clusters.  We  find  that 
rapid  collisional  heating  of  the  electrons  in  the  cluster  prior  to  significant  expansion 
yields  an  electron  distribution  that  exhibits  two  distinct  peaks  with  energies  ranging  up 
to  3  keV.  The  explosion  of  this  hot  micro -plasma  results  in  the  ejection  of  ions  with 
energy  up  to  1  MeV. 
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1  Introduction 


The  recent  development  of  ultra-short  pulse  lasers  has  made  possible  the  investigation  of  laser  matter 
interaction  at  ultra-high  intensities.  For  sub-picosecond  pulses,  a  hot  and  overdense  plasma  is  produced 
very  rapidly  during  the  rise  of  the  pulse  and  further  laser  interaction  occurs  with  this  plasma.  One  of 
the  results  of  the  interaction  is  the  generation  of  fast  electrons  and  of  intense  hard  x-ray  emission.  The 
x-ray  pulse  duration  is  determined  by  the  mean  free  path  of  the  fast  electrons  in  the  target  material.  It 
can  be  very  short  (<  Ips)  and  its  intensity  sufficient  to  be  registered  by  the  usual  methods.  With  high 
laser  pulse  repetition  rates,  it  has  been  demonstrated  [1]  that  one  can  obtain  an  instantaneous  signature 
of  fast- x-ray  dense-matter  interaction  processes.  The  high  energy  of  the  x-ray  photons  (up  to  «  IMeV) 
makes  it  possible  to  study  small  size  objects  and  even  to  excite  nuclear  levels.  Numerous  papers  [2-7]  have 
been  devoted  to  the  study  of  femtosecond  laser  pulse  interaction  with  plasmas.  In  this  paper,  we  calculate 
the  electron  energy  distribution  function  in  the  presence  of  the  laser  field,  the  absorption  coefficient,  and 
the  parameters  of  the  fast  electron  flux  in  the  plasma.  Our  absorption  results  are  in  agreement  with 
previously  published  [3-5]  papers.  A  new  feature  of  our  calculations  is  the  determination  of  the  energy 
and  spectrum  characteristics  of  the  hard  x-ray  pulse  produced  by  the  interaction  of  an  intense  laser  with 
a  solid-state  target. 


2  Basic  set  of  equations  and  numerical  solution 


We  consider  a  plane  linearly  polarized  electromagnetic  wave  with  oblique  incidence  on  a  semi-infinite 
plasma.  The  plasma  temperature  is  Te  and  the  electron  density  Ue  is  higher  than  the  critical  density 
He.  The  wave  with  amplitude  Eq  and  frequency  ojq  is  chosen  in  such  a  way  that  the  electron  quiver 
velocity  is  larger  than  the  thermal  velocity  uj.  The  scale  length  of  the  electron  density  gradient  is 
very  much  smaller  than  the  depth  of  the  skin  layer  Ig.  This  is  justified  by  the  fact  that  during  the  laser 
pulse  (<  100/s)  the  movement  of  the  ions  is  negligible  and  the  plasma  edge  preserves  its  sharpness.  The 
dynamics  of  the  plasma  electron  component  is  described  by  a  self  consistent  set  of  equations  involving  the 
collisionless  kinetic  Boltzmann  equation  (0  <  ®  <  h),  the  Maxwell  equations  for  electromagnetic  fields 
(in  covariant  form),  and  the  kinetic  Fokker-Plank  equation  for  x  >  /,.  Oblique  incidence  is  “boosted” 
into  normal  incidence  by  using  the  method  of  Gibbon  [5].  The  ambipolar  field  Ea  is  determined  from  the 
constraint  of  zero  current  along  the  x  laser  axis.  We  use  the  requirement  of  mirror-like  reflection  of  the 
electrons  by  the  edge  of  the  plasma.  This  model  was  implemented  in  our  code  KINET1D2V.  In  Fig.  la, 
we  show  the  distribution  function  fe  calculated  at  time  ISOwot  and  position  x  =  Zls-  The  calculation  was 
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Figure  1;  a)  distribution  function  for  normal  incidence,  x/l^  =  3,  =  180.  b)  absorption  coefficient  t} 

as  a  function  of  the  square-root  of  laser  intensity  in  units  of  W^W/cm^. 


carried  out  with  a  laser  intensity  of  7  =  a  plasma  temperature  of  Te  =  2(ikeV,  and  a  density 

of  He  =  15nc.  One  can  see  that  /«  is  significantly  distorted  in  comparison  with  the  starting  Maxwellian 
distribution.  It  means  that  the  laser  ponderomotive  force  expel  the  electrons  from  the  interaction  region 
into  the  plasma.  So,  twice  during  the  period  of  laser  oscillation,  a  flux  of  fast  electrons  is  produced  which 
propagates  inside  the  plasma  and  generates  intense  x-rays. 

In  Fig.  la,  the  fast  electron  flux  reveals  itself  as  a  “tail”  in  the  distribution  function.  The  average 
hot  electron  energy  is  ~  O.bMeV.  The  characteristic  lifetime  of  the  fast  electron  4  =  l/riiVhO-  «  O.lps 
(here  a  is  the  cross-section  for  inelastic  scattering  of  the  fast  electron  with  velocity  Vh  in  the  matter 
with  ion  concentration  n,)  can  exceed  the  duration  of  the  laser  pulse.  These  fast  electrons  can  leave  the 
ionized  region  and  penetrate  into  the  solid  target.  However,  the  ion  density  is  almost  the  same  in  the 
plasma  and  the  solid  matter,  so  that  bremsstrahlung  and  x-ray  line  emission  have  the  same  behavior  in 
the  plasma  and  the  solid  target.  Analysis  of  the  calculated  distribution  function  at  oblique  incidence 
angle  9  shows  that  the  constant  magnetic  field  which  builds  up  in  the  normal  incidence  frame  (“boosted 
frame”)  results  in  an  acceleration  of  the  fast  electrons  in  the  longitudinal  x  direction  during  one  half 
of  the  laser  oscillation  period  and  in  a  deceleration  during  the  other  half  of  the  period.  In  Fig.  lb  we 
show  the  calculated  absorption  coefficient  77  as  a  function  of  laser  intensity.  We  note  that  the  change  in 
the  absorption  coefficient  is  small  with  laser  intensity  as  in  previous  works  [4-6].  Noteworthy,  for  low 
intensities  the  absorption  depends  on  the  incidence  angle  with  a  characteristic  maximum  for  9  ^/2, 

for  higher  intensities  (>  such  a  dependence  with  the  incidence  angle  is  absent.  In  this  case, 

the  absorption  coefficient  reaches  the  same  value  as  for  normal  incidence,  similarly  to  what  was  found  by 
Ruhl  [4].  The  reason  is  that  high  harmonics  generation  and  strong  magnetic  field  production  perturb  the 
plasma  modes.  The  mode  frequencies  becoming  very  different  from  the  laser  frequency  wq,  this  decreases 
the  efficiency  of  conversion  in  the  plasma  waves  —  the  source  of  the  resonant  character  of  the  absorption. 


3  Evaluation  of  the  x-ray  pulse  parameters 


Spectral  intensity  of  the  hard  bremsstrahlung  x-ray  emission  from  a  unit  volume  of  the  hot  plasma 
is  determined  in  our  work  for  an  optically  thin  plasma.  This  requirement  is  fulfilled  for  high  energy 
photons  (>  lOAreV),  the  case  that  we  consider  in  this  paper.  If  the  intensity  of  laser  radiation  is  high 
(>  10^®W/cm^)  the  velocity  Vh  of  the  hot  electrons  approaches  the  speed  of  light  c.  In  this  case  the 
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Figure  2:  a)  Spatially  averaged  [0,  IO/5]  intensity  of  X-ray  radiation  as  a  function  of  time  ujot.  b)  Intensity 
of  X-ray  radiation  as  a  function  of  laser  intensity  in  units  of 


dependence  of  the  bremsstrahlung  emission  on  the  electron  velocity  and,  hence,  on  the  specific  distribution 
function,  is  rather  weak  (logarithmic).  The  x-ray  pulse  shape  of  photons  with  a  frequency  of  hwj;  =  30Te 
is  shown  in  Fig.  2a  as  a  function  of  time  for  a  thick  target.  In  our  numerical  calculations,  we  have  used 
the  distribution  function  /e  that  was  found  before.  Pulse  duration  («  O.lps)  is  determined  by  the  hot 
electrons  lifetime  t^-  The  intensity  of  the  X-ray  emission  from  the  plasma  Ix  can  be  evaluated  from  the 
parameters  of  the  incident  wave: 

4  {Ze’^nlEolx)/{m'^c^hu>xo)  (1) 

where  Z  is  the  plasma  ion  charge,  the  x-ray  frequency  and  lx  the  photon  mean  free  path  length. 
Spectral  intensity  depends,  to  a  low  extent,  on  the  photon  frequencies  for  the  whole  spectral  range 
of  generated  photons  from  Tg  {20keV)  to  (  500A;eI^).  Laser  radiation  to  x-ray  emission 

conversion  efficiency  can  be  as  high  as  10”"^.  In  Fig.  2b,  we  show  the  hard  x-ray  conversion  efficiency 
as  a  function  of  laser  intensity.  We  can  see  an  increase  of  the  conversion  efficiency,  roughly  as 
This  dependence  is  in  good  agreement  with  the  experimental  results  of  Kmetec  [7].  Approximately  O.lps 
(lifetime  of  hot  electrons  corresponding  to  their  mean  free  path)  after  switching  off  the  laser  radiation, 
x-ray  emission  does  not  disappear  completely,  but  is  replaced  by  the  equilibrium,  comparatively  long 
(~  Ips),  thermal  X-ray  emission  of  the  residual  plasma. 

This  work  was  partly  supported  by  the  INTAS  grant  94-934  and  by  the  Centre  National  de  la  Recherche 
Scientifique. 
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We  present  what  we  believe  to  be  the  first  measurements  of  continuum  lowering  in  high- 
density  plasmas  produced  by  100-fs  laser  pulses.  Continuum  lowering  arises  in  dense  plasmas 
when  the  excited  states  of  an  ion  are  perturbed  by  the  close  proximity  of  the  neighboring  ions, 
and  can  be  a  useful  density  diagnostic.  It  is  a  fundamental  atomic  physics  concept  in  high- 
density  plasmas  important  to  work  in  X-ray  lasers,  ICF  plasma  diagnostics,  astrophysics  and 
plasma  simulations.  In  our  experiments,  a  10-Hz,  100  mJ  100-fs  laser  system  is  used  to  create 
the  plasmas  studied,  essentially  providing  a  delta-function  heat  pump  which  terminates  before 
significant  hydrodynamic  motion  occurs.  Continuum  lowering  was  observed  both  in  the  high- 
density,  high-temperature  expanding  plasma  plume  and  in  the  solid,  low-temperature  shocked 
material  of  the  target.  In  the  expanding  plasma,  we  used  XUV  emission  spectroscopy  to  observe 
the  suppression  of  high-lying  excited  levels  of  He-like  and  H-like  boron.  In  the  compressed 
plasma  behind  the  shock  wave,  we  used  XUV  absorption  spectroscopy  to  measure  the  shifts  in 
inner-shell  absorption  edges  in  boron  (X-edge)  and  in  aluminium  (L-edge). 

For  emission  spectroscopy  of  plasma  plumes,  we  focus  5  to  25  mJ  on  a  boron  wire  target 
near  the  entrance  of  an  imaging  XUV  spectrometer.  Temporal  resolution  is  obtained  with  a 
streak  camera  coupled  to  the  end  of  the  spectrometer.  Time-resolved  spectra  are  taken  of  regions 
near  (high-density)  and  far  from  (low  density)  the  wire.  As  shown  in  Fig.  1,  the  emission  from 
high-lying  He-like  states  are  present  in  the  plasma  far  from  the  target  (Fig.  la)  but  greatly 
reduced  near  the  target  (Fig.  lb),  giving  evidence  supporting  continuum  lowering  suppression  of 
the  n  =  4,  5  and  6  levels  in  the  high-density  part  of  the  plume.  This  data  is  preliminary  and 
analysis  is  ongoing. 

The  laser  can  also  be  used  to  create  a  quasi-continuum  of  XUV  radiation 
(30  k<X<  300  A)  from  a  gold  plasmas  to  act  as  an  absorption  probe  source.  The  temporal 
duration  of  the  probe  is  typically  on  the  order  of  20  ps  but  can  be  made  shorter  or  longer  by 
varying  the  laser  parameters.  i  Part  of  the  100-fs  laser  beam  heats  a  sample  onto  which  the  XUV 
probe  source  is  focused  by  a  novel  XUV  imaging  optics.  Time  resolution  is  obtained  by  varying 
the  delay  between  the  pump  laser  and  the  probe  XUV  source  to  collect  spatially-resolved  spectra 
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of  the  sample's  absorption  at  different  times  after  the  laser  heating.  The  samples  are  thin  films 
(1000-4000  A)  of  aluminum  or  boron.  The  dynamics  of  the  shocked  material  is  inferred  from 
shifts  in  the  inner-shell  absorption  edges  during  the  compression.  Fig.  2  shows  an  example  of 
two  aluminum  absorption  spectra.  The  solid  line  is  from  the  undisturbed  material,  and  the 
dashed  line  is  the  spectrum  from  the  compressed  material  showing  a  red  shift.  This  resultant 
shift  is  due  to  a  combination  of  ionization  blue  shift,  a  continuum  lowering  red  shift  and 
chemical  potential  contributions.  From  the  value  of  the  edge-shift,  one  can  obtain  the  pressure  in 
the  solid  due  to  the  shock,  the  relaxation  time  of  the  shocked  material,  as  well  as  the  changes  in 
density.2  Collecting  spectral  images  for  different  values  of  the  delay  between  the  pump  and 
probe  beams  permits  the  reconstruction  of  the  edge-shift  as  a  function  of  time,  as  shown  in  Fig. 
3.  Before  time  0  ps,  the  XUV  source  probes  unshocked  sample;  at  time  0  ps,  the  edge's  largest 
red-shift  indicates  that  the  probe  sees  the  maximum  compression  in  the  sample;  at  later  times,  the 
L-edge  returns  to  its  original  position  as  the  material  relaxes.  The  20  ps  duration  of  the  XUV 
probe  pulse  insures  a  very  good  time  resolution  for  the  determination  of  the  shock  parameters. 

This  research  is  supported  by  NSF  under  Grant  STC  PHY  8920108,  LLNL  DOE  Contract 
W-7405-ENG-48,  the  Torrey  Foundation  and  the  FCAR  fund. 
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Figure  1.  Spectra  of  He-like  and  H-like  boron  emission:  a)  200  pm  from  the  target,  b)  near 
the  surface  of  the  target. 
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Introduction 

The  development  of  practical  "table-top"  sources  of  soft  x-ray  laser  radiation  will  have  a  very 
important  impact  in  many  disciplines  of  science  and  technology.  In  the  decade  that  followed 
the  first  successful  soft  x-ray  amplification  experiments  [1,2],  large  soft  x-ray  amplification 
and  significant  laser  output  energy  could  only  be  obtained  using  large  optical  lasers  as  the 
energy  source.  Much  progress  was  accomplished  using  as  pump  the  same  type  of  lasers 
utilized  in  fusion  research.  However,  the  widespread  use  of  these  sources  is  limited  by  their 
very  large  size,  high  cost  and  low  accessibility.  These  limitations  motivates  the  development 
of  compact  soft  x-ray  laser  sources  that  can  impact  applications. 

Of  particular  interest  are  "table-top"  lasers  capable  of  producing  substantial  energy  output. 
Such  development  requires  the  demonstration  of  gain  media  generated  by  compact  devices 
that  can  be  successfully  scaled  in  length  to  reach  the  large  gain-length  products  necessary  to 
saturate  the  amplifier.  For  example,  saturated  operation  of  collisionally  excited  soft  x-ray 
laser  systems  requires  a  gain-  length  product  of  g*l  =  14-20.  Significant  progress  has  been 
made  in  the  last  few  years  in  the  demonstration  of  soft  x-ray  amplification  employing  table- 
top  laser  drivers  .  To  date,  three  experiments  using  relatively  compact  ultrashort  pulse  laser 
pumps  have  yielded  gain-length  products  greater  than  5.  These  include  the  demonstration  of 
11-13  gain-lengths  at  41.8nm  in  Pd-like  Xe  [3],  of  about  9  gain-lengths  at  32.6nm  in  Ne-like 
Ti  [4],  and  the  recent  report  of  a  gain-length  product  of  5.5  at  13nm  in  H-like  Li  [5  ]. 

Herein  we  discuss  the  successful  development  of  table-top  soft  x-ray  amplifiers  directly 
excited  by  fast  discharges.  In  this  excitation  scheme  amplification  occurs  in  a  hot  and  dense 
plasma  column  generated  by  a  fast  compressional  discharge  in  a  capillary  channel  [6,7].  To 
demonstrate  lasing  by  collisional  excitation  of  Ne-like  ions  we  have  generated  axially  uniform 
plasma  columns  of  about  200-300um  diameter  with  lengths  up  to  20  cm.  Below  we  discuss 
the  achievement  of  up  to  27  gain-lengths  in  the  46.9nm  line  of  Ne-like  Ar.  Single  pass 
amplification  experiments  resulted  in  laser  pulses  with  an  energy  of  6uJ.  Laser  output 
energies  up  to  30uJ  were  obtained  by  double  pass  of  the  beam  through  the  plasma  column 
using  an  iridium  mirror.  These  experiments  resulted  in  the  first  demonstration  of  saturated 
operation  of  a  table-top  soft  x-ray  amplifier  [7].  We  also  report  the  demonstration  of  large 
amplification  at  60.8nm  in  Ne-like  S  ions  in  vapor  produced  by  discharge  induced  ablation  of 
a  solid  target  [8].  These  results  open  a  new  road  for  the  development  of  very  compact  and 
efficient  soft  x-ray  lasers. 

Demonstration  of  Saturated  Operation  of  a  Ne-like  Ar  soft  x-ray  amplifier. 

The  experiments  were  conducted  exciting  capillaries  4mm  in  diameter  filled  with  700  mtorr 
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of  pure  argon  gas  with  current  pulses  of  approximately  39kA  peak  current  having  a  half  cycle 
duration  of  about  70ns.  The  current  pulses  were  generated  by  rapidly  discharging  a  3nF  liquid 
dielectric  capacitor.  The  capacitor  was  pulse-charged  by  a  Marx  generator  and  its  discharge 
was  controlled  with  a  spark-gap  switch  filled  with  SF6.  A  detection  system  consisting  of  a 
2.2m  grazing  incidence  spectrograph  with  an  MCP  intensified  CCD  array  detector  was  used 
to  measure  the  relative  variation  of  the  laser  energy  as  a  function  of  plasma  column  length. 
Absolute  measurements  of  the  laser  output  pulse  energy  were  performed  using  a  fast  vacuum 
photodiode  having  an  A1  photocathode. 

The  result  of  single-pass  amplification  measurements  for  capillary  plasma  columns  up  to 
15.8cm  in  length  are  shown  as  open  circles  in  Figure  1.  The  energy  of  the  laser  pulse  is 
observed  to  increase  exponentially  for  lengths  up  to  12cm,  where  it  begins  to  saturate.  A  fit 
of  the  data  corresponding  to  plasma  columns  up  to  11.5cm  with  the  Linford  formula  yields  a 
gain  coefficient  of  1.16  cm  ‘.  Saturation  of  the  intensity  is  observed  at  gain-length  products  of 
about  14.  A  laser  pulse  energy  of  6uJ  was  measured  to  exit  the  15.8  cm  plasma  column.  As 
discussed  below,  double-pass  amplification  experiments  allowed  us  to  substantially  increase 
the  laser  pulse  energy  and  to  study  the  saturation  behavior  for  effective  plasma  column 
lengths  significantly  longer  than  the  maximum  capillary  length  of  16  cm  used  in  these 
experiments. 


Figure  1.  Measured  and  computed  46.9nm  laser  output  energy  as  a  function  of  capillary  discharge  plasma 
length.  The  single  and  double-  pass  measurements  are  indicated  by  open  and  full  circles  respectively.  The 
solid  line  is  the  result  of  a  simple  radiation  transport  calculation  assuming  parabolic  gain  and  density 
profiles.  The  dashed  line  was  computed  with  a  self-consistent  hydrodymic/atomic  physics  radiation 
transport  code. 

The  double-pass  amplification  measurements  were  performed  using  flat  iridium  mirrors  for 
two  different  plasma  column  lengths:  9cm  and  14  cm.  In  the  9cm  capillaries  the  laser 
intensity  enhancement  due  to  the  mirror  was  measured  to  be  63  x.  In  contrast,  the 
enhancement  observed  in  the  14  cm  long  capillaries  was  in  the  average  only  8x.  This 
behavior  is  indicative  of  saturation  of  the  amplification  in  the  second  pass. 
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The  increase  in  the  laser  energy  measured  in  the  double-  pass  experiments  in  the  14  cm  long 
capillaries  corresponds  to  laser  pulse  energies  up  to  30uJ  and  to  beam  intensities  larger  than 
the  computed  saturation  intensity  of  56-78  MW/cm^  The  saturation  intensity  was  calculated 
considering  an  ion  temperature  of  lOOeV,  and  an  effective-to-radiative  lifetime  ratio  for  the 
laser  upper  level  between  20  and  30  for  plasma  densities  of  5-8x  10’*cm'^  as  computed  by 
our  magneto-hydrodynamic  calculations  for  these  discharge  conditions.  Such  laser  pulse 
energy  is  a  significant  fraction  of  the  maximum  energy  that  can  be  extracted  in  a  0.8ns  pulse 
from  a  46.9nm  Ne-like  Ar  amplifier  column  14  cm  in  length  and  300um  diameter.  Assuming 
a  gain  of  1.2  cm'',  this  energy  is  estimated  to  be  about  lOOuJ.  The  results  of  two  independent 
radiation  transport  models  confirm  the  saturated  operation  of  the  amplifier. 

Lasing  in  Ne-like  sulfur. 

In  our  most  recent  experiment  we  have  succeeded  in  demonstrating  lasing  in  Ne-like  sulfur 
ions  at  60.8nm  in  vapor  produced  by  discharge  ablation  of  a  solid  target.  This  result  is  of 
interest,  because  it  demonstrates  the  feasibility  of  also  obtaining  ultrashort  wavelength 
amplification  by  discharge  excitation  in  materials  that  are  solid  at  room  temperature.  The 
sulfur  vapor  was  produced  by  ablating  with  a  slow  current  pulse  the  wall  of  a  secondary 
capillary  channel  drilled  in  a  sulfur  rod.  The  vapor  generated  by  this  secondary  discharge  was 
injected  into  the  main  capillary  channel  and  was  subsequently  excited  by  a  fast  current  pulse 
of  35-37  kA  peak  amplitude  to  generate  a  narrow  plasma  column  with  the  necessary 
conditions  for  amplification. 

Measurements  of  the  integrated  intensity  of  the  laser  line  as  a  function  of  the  plasma  column 
length  yielded  a  gain  coefficient  of  0.45cm  ',  corresponding  to  a  gain-length  product  of  7.55 
for  16.8  cm  long  capillaries.  At  the  time  of  lasing  the  electron  density  and  temperature  in  the 
gain  region  are  computed  to  be  about  2-3  10  '*  cm'^  and  60-80eV,  respectively.  This  electron 
temperature  corresponds  to  a  plasma  which  is  overheated  respect  to  the  conditions  for 
maximum  Ne-like  sulfur  abundance  in  a  steady  state  regime  .Our  computations  show 
substantial  differences  respect  to  a  steady-state  scenario  and  indicate  that  plasma  overheating 
and  transient  population  effects  make  an  important  contributions  to  the  measured  gain. 

In  summary  using  discharge  excitation  we  have  achieved  the  first  demonstration  of  saturated 
operation  of  a  table-top  soft  x-ray  amplifier.  Laser  output  energies  up  to  30uJ  have  been 
measured  for  the  46.9nm  line  of  Ne-like  Ar.  Large  amplification  has  also  been  observed  in 
the  60.8nm  line  of  Ne-like  S  in  vapor  produced  by  discharge  ablation  of  a  solid  target.  These 
results  can  be  expected  to  lead  to  the  use  of  very  compact  and  practical  discharge  pumped 
table-top  ultrashort  wavelength  lasers  in  applications.  This  work  was  supported  by  the  NSF. 
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Collisionally  excited  X-ray  lasing  in  [Ne]-like  Ti  with  a  gain  value  of  19  cm^  at  a  drastic 
reduced  pump  level  of  only  a  few  Joules  was  demonstrated  recently  [1].  This  achievement  is 
based  on  a  novel  two  step  excitation  scheme,  which  was  proposed  some  years  ago  [2],  The 
scheme  comprises  at  first  a  long  (ns)  heating  pulse  to  establish  a  [Ne]-like  ionic  stage  of 
desired  target  atoms  in  a  plasma  and  second  a  short  (ps)  excitation  pulse  to  produce  efficiently 
a  transient  population  inversion  in  the  [Ne]-like  ions.  Due  to  the  short  pulse  produced  fast 
heating  of  the  preformed  plasma,  a  transient  inversion  [2]  occurs,  which  is  related  to  the 
different  population  rates  of  the  levels  via  collision  and  not  determined  by  the  slower  relaxation 
rates  of  the  excited  levels  relevant  in  the  quasi-steady  state  (QSS)  regime.  The  transient 
inversion  yields  favourably  much  higher  gain  values  (several  tens  of  cm’^)  as  well  shorter  X- 
pulse  output  as  obtained  in  the  QSS  regime  (several  cm'*)  with  long  pulse  pumping. 

In  this  work  the  amplification  characteristic  of  the  3p-3s  (J=0-1)  transition  at  X=  32.6  nm  and 
the  3d-3p  (J=l-1)  transition  at  X=  30  nm  in  Ti  as  well  as  the  3p-3s  (J=0-1)  transition  at  ^=19. 6 
nm  in  Ge  has  been  studied  with  plasma  column  length  up  to  10  mm.  Also  the  dependence  of 
the  X-ray  lasing  signal  on  the  optical  laser  pump  energy  was  investigated.  The  duration  of  the 
Ti  X-  ray  laser  pulse  as  well  as  the  X-ray  beam  divergency  was  measured  and  the  output 
energy  was  estimated. 

Experimental  Setup 

The  experiments  have  been  carried  out  with  both  the  two  beam  MBI  CPA-  Glass  laser  system 
described  in  [3  ]  and  the  RAL- Vulcan  Nd:  glass  laser  using  a  CPA-laser  beam  [4]  of  up  to  24  J 
laser  energy  (El)  with  a  pulse  width  of  several  ps  (2-3  ps  at  low  El  and  6-8  ps  at  high  El)  and 
a  second  synchronized  ns-laser  beam.  The  short  pulse  was  timed  at  the  falling  edge  of  the  long 
flat  toped  1  ns  pulse.  The  line  foci  of  the  two  pulses  with  a  length  of  10  mm  and  a  width  of  100 
pm  have  been  super-imposed  on  the  target.  Titanium  and  Germanium  stripes  on  glass  with  a 
thickness  between  0.6  and  1.0  pm  and  a  width  of  about  200-300  pm  as  well  as  massive  slab 
targets  were  used.  The  amplification  length  was  varied  with  the  target  length.  The  targets  were 
centered  in  the  line  focus.  The  primary  diagnostic  along  the  target  axis  was  a  flat  field  grazing 
incidence  XUV-spectrometer  with  a  1200  line/mm  aperiodically  ruled  grating.  Focussing 
perpendicular  to  the  dispersion  direction  was  provided  by  a  cylindrical  mirror.  The  time 
integrated  spectrum  was  recorded  with  a  back-thinned  cooled  16  bit  CCD-camera. 
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Results  and  Discussion 


Length  (mm) 


Fig.  1  Peak  output  signals  at  32.6  nm  and  30  nm  (crosses  only) 

as  a  function  of  target  length  with  pump  intensities 
of  1*10'^  W/cm^inthelongand  2*10’‘'W/cm^ 
in  the  short  pulse 


increasing  target  length  the  increase  rate  of  the  output  signals 
the  X-ray  laser  output  saturation. 


The  XUV-signals  at  X=32.6 
nm  and  X,=30  nm  as  a 
function  of  the  length 
variation  of  the  Ti-plasma 
column  are  plotted  in  fig.l. 
For  the  plot  we  have  taken  the 
peak  values  from  the  line 
signals  and  have  substracted 
the  recorded  plasma 
background  emission  near  the 
wings  of  the  two  lasing  lines. 
This  amplification  series  was 
carried  out  at  a  pump  energy 
level  in  the  long  pulse  of  20  J 
and  in  the  short  pulse  of  18  J  . 
As  visible  from  the  obtained 
data  the  output  signals  can  be 
fitted  (Linford  et  al.  [5])  with 
a  gain  g=35  cm‘‘  up  to  target 
lengths  L=3  mm.  With  further 
drops,  which  is  a  clear  sign  of 


Lower  gain  values  of  g=15  were  measured  for  the  3d-3p  line  at  about  30nm.  No  saturation 
effect  is  visible,  and  even  at  a  target  length  of  10  mm  higher  output  signals  at  this  line 
compared  to  the  32.6  nm  line  were  measured.  Careful  theoretical  analysis  of  the  whole  system 
will  include  the  transient  gain  behaviour,  the  X-ray  beam  propagation  in  the  plasma  and 
saturation  effects. 


CPA  Energy  (J) 

Fig.2  Peak  output  signals  at  32.6  nm  of  3mm  targets  as  a  fimction 
of  pump  energy  in  the  short  pulse  with  pump  intensities  of 
aboutl*10’'  W^m^  in  the  long  pulse 


In  a  second  series  of 
experiments  depicted  in  fig.2 
we  have  determined  the 
threshold  pump  values  for 
lasing  at  32.6  nm.  As  it  was 
visible  pump  energies  as  low 
as  El  =  1  J  for  the  long  1  ns 
pulse  and  El  =  1.5  J  for  the 
short  3  ps  pulse  yield 
amplified  emission.  The  target 
length  was  3  mm.  The 
corresponding  pump 

intensities  are  Il=  7*10^® 
W/cm^  in  the  long  pulse  and 
Il=  5*10^^  W/cm^  in  the  short 
pulse.  So  we  could  really 
verify,  that  X-ray  lasing  in  the 
[Ne]-like  Ti  system  is  possible 
with  table  top  class  pump 
lasers. 
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Divergency  measurements  of  the  X-ray  laser  beam  at  32.6  nm  from  9  mm  long  Ti-stripe  targets 
have  yield  2  to  3  mrad  if  the  long  pulse  was  600  ps  and  6  to  8  mrad  for  an  1  ns  long  pulse. 

Tests  with  a  travelling  wave  focus  have  not  given  an  increased  output  of  the  Ti-system 
concerning  the  pump  pulse  conditions  used  here. 

Investigation  of  the  Ti  X-ray  laser  pulse  duration  carried  out  with  the  MBI  CPA-  laser  system 
using  a  Kentech  X-ray  streak  camera  with  a  CCD  -camera  read  out  have  revealed  that  the 
pulse  length  is  of  15-20ps.  This  very  short  duration  corresponds  pretty  good  to  the  calculated 
life  time  of  the  transient  high  gain  regime. 

Neonlike  Ge-  XRL  experiments  done  at  the  Rutherford  CPA  laser  facility  in  the  same 
configuration  as  for  the  Ti  X-ray  laser  have  also  demonstrated  a  saturated  amplification  at  the 
3p-3s  (J=0-1)  transition  at  19.6  nm  characterized  by  a  gain  value  of  ~  25  cm’V 

Summarizing  we  can  state,  that  with  evaporated  Ti-  as  well  as  Ge-  stripes  on  to  glass  a  reliable 
X-ray  lasing  was  achieved.  In  case  of  Ti  the  lasing  signal  at  32.6  nm  shows  saturation  due  to 
high  gain  values  of  g=35  cm  ‘  if  the  plasma  column  is  longer  than  4  mm.  The  second  laser  line 
at  30  nm  having  a  lower  gain  of  g=15  cm‘^  shows  no  saturation  up  to  target  length  of  10  mm. 
Low  pump  intensities  for  that  novel  two  step  excitation  scheme  and  high  output  energies  in  the 
|xJ  range  as  well  short  pulse  duration  are  attractive  characteristics  of  this  [Ne]-like  Ti  X-ray 
laser. 

This  work  was  supported  by  the  European  Communities  Large  Facilities  Programme.  The 
authors  gratefully  acknowledge  the  support  of  C.  Edwards  as  well  as  the  help  of  laser 
operations,  target  preparation,  and  engineering  support  groups  of  the  CLF  of  the  Rutherford 
Appleton  Laboratory. 
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Lasing  in  various  Ni-like  ions  at  the  wavelengths  below  10  nm  has  been 
demonstrated  [1,2].  Achieving  saturated  amplification  with  the  Ni-like  ions 
is  considered  to  be  difficult  compared  with  the  Ne-like  ions  at  longer 
wavelengths,  since  the  plasma  parameter  space  for  amplification  is 
narrower  with  the  Ni-like  ions  [3].  In  this  paper  we  report  generation  of 
very  intense  x-ray  laser  radiation  at  8  nm  in  Ni-like  Nd  ions  by  amplification 
using  double  curved  targets.  This  result  shows  that  it  will  be  possible  to 
achieve  saturated  amplification  in  Ni-like  ions  by  properly  optimizing  the 
irradiation  conditions  and  target  configurations. 

In  comparison  to  our  previous  experiments  where  a  single  curved  slab  target 
was  irradiated  with  a  train  of  short  pulses[2],  we  have  improved  the 
experimental  conditions  in  the  following  aspects. 

Two  new  line-focusing  optics  configurations  were  introduced  to  increase 
the  irradiation  intensity  and  to  improve  the  intensity  distribution.  The  first 
configuration  consists  of  a  cylindrical  lens  array  composed  of  4  cylindrical 
lenses  and  an  aspheric  focusing  lens.  Each  cylindrical  lens  forms  a  line 
focus  on  a  target,  thus  producing  a  line  focus  with  uniform  energy 
distribution  along  the  line.  Another  configuration  is  composed  of  a 
deformable  mirror,  a  single  cylindrical  lens  and  a  focusing  lens.  The 
deformable  mirror  compensates  for  the  aberration  of  the  cylindrical  lens, 
forming  a  straight  line  focus  at  the  target  plane.  In  both  of  these 
configurations,  the  width  of  the  focus  pattern  on  target  was  uniform  over 
the  length  with  a  width  of  30-50  ^m  and  a  length  of  approximately  28  mm.  I  n 
our  previous  experiments  using  a  single  cylindrical  lens,  the  focusing 
pattern  had  a  "bowtie"  shape  with  the  width  of  160  [xm  at  the  widest  region. 
Using  these  new  focusing  optics  the  average  intensity  on  target  has 
increased  by  2  times,  reaching  to  10^^  W/ cm^  and  the  width  of  the  gain 
region  is  more  uniform. 
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Two  curved  targets  were  placed  in  series  to  double  the  gain  length.  Two 
opposing  laser  beams  irradiated  the  double  targets  in  an  arrangement  shown 
in  Fig.  1.  The  performance  of  the  curved  target  was  compared  with  that  of 
the  double  plane  target,  developed  at  NLHPLP,  which  has  proven  to  be 
successful  in  Ge.  Also  double  pass  amplification  using  a  soft  x-ray  mirror  was 
tested. 

The  desirable  condition  for  efficient  x-ray  lasing  is  to  create  a  plasma  with 
a  long  density  scale  length  and  a  broad  gain  region,  if  radiation  trapping  is 
not  serious.  Among  a  few  pulse  shapes  tested  to  control  the  plasma  profiles, 
the  best  result  was  obtained  with  4  pulses  of  100  ps  pulse  widths  with  the 
separations  of  1  ns,  400  ps  and  400  ps.  One  of  the  laser  beams  was  delayed  by 
lOOps  relative  to  another  for  traveling  wave  excitation  of  the  double  target. 

The  on-axis  spectra  of  the  x-ray  laser  emission  were  measured  with  2 
grazing-incidence  spectrometers  placed  on  opposite  sides  with  a  soft  x-ray 
CCD  on  one  side  and  a  streak  camera  on  another  side  for  time-integrated  and 
time-resolved  measurements,  respectively.  The  results  reported  herein  are 
preliminary  since  calibrations  for  various  components  are  necessary  for 
quantitative  evaluation. 

In  the  first  stage  of  the  experiment,  the  performance  of  the  single  curved 
slab  and  the  2-planer-slab  targets  was  tested  with  the  new  line-focus  optics 
configurations.  With  both  of  the  irradiation  configurations,  the  observed  x- 
ray  laser  intensity  was  at  least  one  order  of  magnitude  stronger  than  our 
previous  experiments,  where  the  x-ray  laser  energy  was  estimated  to  be 
approximately  1  nJ.  This  remarkable  enhancement  of  x-ray  lasing  obtained 
with  the  same  pumping  energy  is  ascribed  to  the  improved  irradiation  where 
the  higher  intensity  leads  to  higher  electron  temperature  resulting  in  an 
increased  collisional  excitation  rate. 

In  the  second  stage  of  the  experiment,  double  target  amplification  was 
tested  with  two  beam  irradiation.  The  separation  between  the  2  curved  slabs 
transverse  to  the  on-axis  was  varied  from  210  to  320  nm.  The  maximum  x-ray 
laser  output  was  observed  at  320  |xm  separation.  The  x-ray  laser  intensity 
with  the  double  target  amplified  along  the  traveling  wave  has  increased  over 
10  times  in  comparison  to  that  against  the  traveling  wave  as  shown  in  Fig. 2. 
With  a  single  curved  slab  target,  x-ray  lasing  occurred  at  the  latter  3 
pumping  pulses  with  approximately  equal  intensities,  whereas  with  the 
double  curved  targets,  the  last  pulse  gave  the  strongest  lasing.  These  results 
indicate  the  better  condition  for  coupling  of  the  x-ray  laser  beam  between 
the  2  targets  at  the  last  part  of  the  pulse. 

Horizontal  beam  divergence  was  within  a  few  mrad  with  a  single  curved 
target,  whereas  it  has  increased  to  over  5  mrad  with  double  targets.  There 
are  indications  that  the  beam  divergence  can  be  reduced  by  optimizing  the 
double  target  configurations.  The  x-ray  laser  energy  obtained  in  this 
experiment  is  estimated  to  be  over  100  nJ,  based  on  comparison  with  our 
previous  experiments.  We  believe  that  it  is  not  difficult  to  achieve  saturated 
amplification  in  Ni-like  ions  by  further  optimizing  the  experimental 
conditions. 
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Fig.  1  Schematic  diagram  of  the  double  target 
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Fig.  2  Intensity  profiles  of  the  x-ray  laser  at  8nm  detected  with  a  filtered 
soft  x-ray  CCD.  The  attenuation  ratio  of  the  filter  is  1/1500.  Intensities  along 
and  against  the  traveling  wave  are  shown  in  (a)  and  (b),  respectively. 
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General  trends 

The  use  of  synchrotron  radiation  has  reached  a  quite  mature  stage  all  over  the  world  with 
dedicated  electron  storage  rings  equipped  with  a  large  number  of  beam  lines  to  accommodate 
an  even  larger  number  of  simultaneous  experiments.  The  spectrum  of  the  light  which  depends 
upon  the  energy  of  the  accelerated  particles  covers  continuously  the  electromagnetic  spectrum 
from  the  infra-red  to  the  ultra-violet  up  to  the  soft  X-ray  and  hard  X-ray  range.  The  main 
characteristics  are  the  high  flux  or  mean  power,  the  high  brUlance,  the  small  divergence,  an 
access  to  linear  and  circular  polarization,  the  high  spatial  and  temporal  stability  and  a  usable 
time  structure.  The  interest  and  the  complementarity  of  these  sources  with  respect  to 
conventional  laboratory  sources  (X-ray  tubes,  discharge  lamps  and  lasers)  is  now  recognized 
and  explains  the  growing  demand  in  fundamental  and  finalized  research. 

In  recent  machines  in  which  undulators  are  installed  on  long  straight  sections,  the  light 
emitted  along  the  undulator  axis  shows  exceptional  qualities  m  flux  and  brillance.  If  this 
radiation  is  stored  in  an  optical  cavity  in  order  to  interact  transversally  with  the  electron 
bunches  at  each  pass  in  the  imdulator  field,  the  optical  pulse  can  be  amplified  at  the  cost  of  the 
particle  kinetic  energy  leading  to  a  laser  oscillation.  This  is  the  principle  of  the  free  electron 
laser.  Such  lasers  are  operating  with  low  energy  particles  (linear  accelerators)  for  infi’a-red 
radiation  and  high  energy  particles  (storage  rings)  for  UV  radiation.  Both  are  now  in  routine 
use.  It  is  possible  to  obtain  coherent  radiation  in  a  single  pass,  without  an  optical  cavity.  Such 
lasers  known  as  SASE  (self  amplified  spontaneous  emission)  are  free  electron  lasers  working  in 
the  super-radiant  mode  have  been  found  feasable  in  the  millimeter  and  infra-red  but  not  yet  in 
the  UV  and  soft  X-ray  range. 

Comparison  between  synchrotron  radiation  [1]  from  the  most  advanced  machines  and 
lasers  such  as  free  electron  lasers  [2],  harmonic  generation  [3],  laser-plasma  sources  [4],  X-ray 
lasers  [5],  shows  the  superiority  in  terms  of  mean  flux  (number  of  photons/second/0.1% 
bandwidth)  of  synchrotron  sources  over  lasers  because  of  their  high  repetition  rate  and  full 
tunability.  This  is  demonstrated  in  Figure  1,  on  the  basis  of  a  typical  third  generation 
synchrotron  radiation  machine,  i.e.  the  SOLEIL  project.  In  contrast,  the  comparison  in  terms 
of  intensity  (Watts/cm^)  favors  strongly  lasers  over  synchrotron  radiation,  at  least  for  specific 
wavelengths,  because  of  their  short  pulses  and  high  peak  power.  This  is  shown  in  Figure  2 
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Figure  1  :  Comparison  of  the  mean  flux  of  synchrotron  radiation  (bending  magnet  and  undulators)  of  a  third 
generation  machines,  such  as  the  SOLEIL  project,  (both  operating  modes  "high  brillance"  and  "time  structure" 
are  considered)  with  the  UV-ffee  electron  laser  at  SuperACO  and  SOLEIL,  some  laser  based  sources  such  as 
harmonic  generation,  X-ray  lasers  and  laser-Plasma. 
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Figure  2  :  Comparison  of  the  intensity  of  synchrotron  radiation  (undulator  sources)  of  a  third  generation 
machines,  such  as  the  SOLEIL  project  (case  of  the  "time  structure"  operating  mode)  with  the  UV-free  electron 
laser  at  SuperACO  and  SOLEIL,  some  laser  based  sources  such  as  harmonic  generation,  X-ray  lasers  and  laser- 
Plasma.  The  surface  of  the  focal  point  obtained  with  an  appropriate  optics  is  indicated  for  each  source.  The 
approximated  detection  thresholds  of  non  linear  effects  (NL)  are  indicated  for  sources  with  a  low  and  high 
repetition  rates  are  indicated  as  well  as  the  threshold  for  detection  of  relativistic  effects. 


40/ThDl-3 


taking  the  SOLEIL  project  as  the  reference  for  synchrotron  radiation.  The  position  of  the  free 
electron  laser  in  the  UV  is  exceptionnally  attractive  in  both  flux  and  intensity 

Combination  of  synchrotron  radiation  and  lasers  are  developing.  The  most  common  way 
is  to  combine  SR  with  cw  lasers,  as  done  since  fifteen  years  with  visible  and  infra-red  lasers. 
The  combination  with  pulsed  lasers  with  synchronisation  is  more  recent  :  mode  locked  argon 
ion  and  solid  state  lasers  as  well  as  free  electron  lasers  who  have  the  same  or  a  multiple  value 
of  the  repetition  rate  of  synchrotron  radiation  are  the  most  convenient  to  obtain  a  reasonable 
signal  to  noise  ratio. 

Applications 

Applications  can  be  classified  in  four  categories  :  radiation-matter  interaction,  optical, 
structural,  electronic  and  magnetic  properties  of  matter,  cahbration  of  optics  and  detectors, 
deep  lithography  for  making  micro-objects.  These  topics  interest  a  large  variety  of  fundamental 
scientific  fields  ;  atomic  and  molecular  physics,  surface  and  condensed  matter  physics, 
chemistry  and  material  sciences,  life  sciences,  earth  sciences  and  astrophysics.  Finalized 
research  is  also  strongly  concerned  in  fine  chemistry,  oil  chemistry,  electrochemistry, 
electronics,  plastics,  automobile,  packaging,  glasses,  pharmacy,  cosmetics,  agriculture  and 
food,  medical  diagnostics,  environnement  (air  and  ground  pollution),  nuclear  wastes 

etc . The  main  problems  raised  in  industry  concerns  mainly  material  science,  i.e.  the 

correlation  between  structure,  at  the  atomic  or  mesoscopic  level,  and  properties  (or 
fimctionality)  of  materials,  elaboration  processes  vmder  vaccuum,  development  of  processes, 
quality  control,  aging  effects,  materials  under  external  constraints  such  as  chemistry, 
temperature,  pressure,  electric  field,  radiations. 

Selected  examples  in  various  fields  of  fundamental  and  finalized  research  will  be  presented, 
emphasizing  the  tunability  from  UV  to  the  X-ray  range,  the  mean  power,  polarization, 
coherence  and  pulsed  structure  of  synchrotron  radiation  as  well  as  the  coupling  with  laboratory 
lasers  and  free  electron  lasers  for  pump-probe  experiments. 

Photo  ionization  of  hoUow  states  of  lithium 

Dynamics  of  photodissociation  of  polyatomic  molecules 

Time-resolved  studies  in  semi-conductors  surface 

Imaging  of  magnetic  domains  by  photoelectron  spectromicroscopy 

Structural  properties  of  minerals  vmder  high  pressure  and  temperature 

Structure  of  a  polymer-metal  interface 

Imaging  by  phase  contrast 

BiocristaUography 

Caracterisation  of  cosmetics 
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We  have  constructed  an  ultra-fast  time-dependant  x-ray  diffraction  experiment  in 
order  to  probe  laser-induced  phase  transitions  in  solids.  Such  studies  have  previously 
been  performed  using  laser  probes  in  the  infra-red,  visible  or  ultraviolet  spectral  range. 
However,  in  order  to  directly  probe  structures  in  solids,  it  is  necessary  to  use  x-ray 
radiation.  A  laser  system  producing  pulses  with  a  duration  of  1 00  fs  has  been  set-up 
adjacent  to  a  bending  magnet  at  the  Advanced  Light  Source  (ALS).  In  addition  an 
averaging  streak  camera  with  a  temporal  jitter  smaller  than  1.5  ps  has  been 
incorporated  [1].  This  diagnostic  will  permit  us  to  study  lattice  disordering  in 
materials  such  as  Si.  Single-shot  measurements  were  also  made  using  a  Kentech 
streak  camera. 

The  ALS  bending  magnets  emit  a  broad  spectrum  of  x-rays  with  a  critical  energy  of 
3.7  keV  when  the  electron  energy  is  1.9  GeV.  These  initial  experiments  were 
performed  with  the  ALS  operating  in  double-bunch  mode  for  which  the  repetition 


freauencv  is  3  MHz. 


42  /  ThD2-2 


Our  laser  system  consists  of  a  non-commercial  Ti:Sapphire  oscillator  pumped  by  a 
Millenium  Nd:Yag  laser  and  a  Positive  Light  Spitfire  regenerative  amplifier  operating 
at  a  fi-equency  of  1  kHz.  The  pulse  duration  is  about  100  fs  and  the  pulse  energy  is 
about  0.5  mJ. 

Using  a  Kentech  streak  camera  we  detect  a  single  pulse  fi*om  the  synchrotron  and 
measure  the  duration  of  the  ALS  pulse  to  be  about  80  ps.  In  order  to  achieve  a  better 
signal-to  noise  ratio  and  thereby  obtain  higher  temporal  resolution  we  average  multiple 
pulses  using  a  streak  camera  [1]  triggered  by  a  photo-conductive  switch  [2].  This 
streak  camera  has  demonstrated  550  fs  single-shot  time  resolution  [3]. 

The  jitter  of  the  camera  was  studied  using  UV  pulses  obtained  by  frequency  mixing  in 

KDP  crystals.  Since  single  shot  data 
was  not  obtained,  an  accurate  value 
for  the  trigger  jitter  can  not  be  given 
separately.  Instead,  the  temporal 
multiple  shot  response  is  specified  as 
1.5  ps  when  averaging  5000  laser 
pulses.  As  a  test  case  for  studying 
events  on  a  picosecond  time  scale  in 
the  x-ray  spectral  region,  we 
measured  the  pulse  duration  of  the 
ALS  operating  at  an  electron  energy 
of  1.9  GeV  and  a  beam  current  of 
30  mA  in  2-bunch  mode.  The  results 
of  the  measurements  are  shown  in 
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Fig.  1  The  pulse  duration  of  the  ALS  was 
measured  to  70  ps  with  a  streak  camera 
operating  an  averaging  mode. 
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Fig.l.  The  data  was  obtained  by  averaging  2000  pulses.  The  70  ps  pulse  duration  is  in 
good  agreement  with  previous  measurements  of  the  ALS  pulse  duration  obtained  using 
a  fast  photo  diode  and  a  streak  camera  sensitive  to  visible  light  [4], 

In  conclusion,  we  have  demonstrated  detection  of  x-ray  radiation  using  an  averaging 
streak  camera  with  a  temporal  resolution  of  1 .5  ps.  Work  is  now  in  progress  in  order 
to  perform  laser  pump/x-ray  probe  experiments  to  study  structural  changes  in  solid 
state  materials. 
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Ever  since  their  discovery  by  Rbntgen  (more  than  100  years  ago),  x-rays  have  made  the 
unseen  visible.  In  particular,  much  of  our  experimental  knowledge  about  the  structure  and 
electronic  densities  of  atoms  and  molecules  is  due  to  x-ray  and  electron  diffraction  measurements. 
X-ray  and  electron  diffraction  have  been  used  to  measure  the  structures  of  almost  all  small 
molecules  and  x-ray  diffraction  has  been  the  basis  (along  with  nmr)  of  most  of  our  structural 
knowledge  about  biomolecules.  Recent  advances  in  the  production  of  ultrashort  x-ray  and  electron 
pulses*'^  suggest  that  diffraction  (and  absorption)  techniques  may  be  used  to  observe  evolving, 
non-equilibrium  structures  of  systems  that  are  undergoing  chemical  (or  biochemical)  reactions  or 
physical  changes  such  as  a  phase  transition  or  annealing.  In  such  an  ultrafast  diffraction  (or 
absorption)  experiment,  an  ultrashort  optical  pulse  can  be  used  to  initiate  a  chemical  reaction  and  a 
second  delayed  x-ray  (or  electron  pulse)  can  interrogate  the  reacting  system.  By  varying  the  time 
delay  between  the  two  pulses,  the  motions  of  atoms  during  a  chemical  reaction  may  be 
reconstructed.^'^  In  addition  to  watching  the  nuclear  motion,  at  least  in  principle,  x-ray  diffraction 
could  be  used  to  follow  the  dynamics  of  the  electron  density  involved  in  chemical  bonding  and 
electron  flow,  and  x-ray  absorption  in  the  form  of  chemical  shifts  of  atomic  absorption  edges  could 
be  used  to  follow  the  charge  or  oxidation  state  of  chosen  types  of  atoms.  Hence,  time  resolved  x- 
ray  absorption  and  diffraction  may  serve  as  direct  ways  to  watch  the  evolution  of  chemical 
reactions  en  route  from  reactants  to  products,  to  observe  the  microscopic  processes  by  which 
biomolecules  perform  their  tasks  and  to  observe  ultrafast  process  in  solid  state  materials. 

A  time  resolved  x-ray  (or  electron)  experiment  should  ideally  have  sufficient  temporal  and 
spatial  resolution  to  resolve  the  quantum  dynamics  of  fast  chemical  processes.  To  follow  the 
vibrational  motions  by  which  molecules  evolve  and  the  making  and  breaking  of  chemical  bonds, 
one  needs  temporal  resolution  of  better  than  100  fs.  The  range  of  internuclear  distances  in 
molecules  requires  spatial  resolution  of  ~0.1  nm,  which  for  diffraction  requires  hard  x-ray 
wavelengths  of  comparable  size.  (In  order  to  be  able  to  follow  the  time  evolution  of  the  electron 
density  itself,  even  shorter  pulses  with  better  spatial  resolution  will  be  needed.)  This  prospect  has 
led  us  to  a  series  of  theoretical  and  experimental  studies'*'^  beginning  in  1982,  aimed  at  realizing 
this  potential  of  ultrafast  x-ray  diffraction  and  absorption  with  second  to  subpicosecond  time 
resolution. 

It  is  convenient  to  divide  the  time  dependent  measurement  of  electronic  densities  into  two 
parts.  In  the  first  part  one  attempts  to  measure  stationary  excited  electronic  state  densities.  As  the 
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lifetime  of  many,  but  not  all,  excited  electronic  states  of  atoms  and  molecules  is  in  the  nanosecond 
time  regime,  such  experiments  do  not  require  ultrafast  x-ray  pulses.  The  purpose  of  this  type  of 
study  is  to  see  if  one  can  actually  observe  the  change  in  electron  density  upon  a  “single  electron” 
electronic  excitation  by  an  optical  laser  pulse.  Such  a  study  attempts  to  resolve  the  shell  structure  of 
atoms  and  the  molecular  orbitals  of  molecules.  The  second  part  addresses  the  nuclear  time 
evolution.  Here  one  ignores  the  fine  details  of  the  electronic  density  (i.e.,  the  valence  electrons  in 
molecules)  and  asks  what  are  the  expected  changes  in  diffraction  or  absorption  due  to  the  nuclear 
dynamics  and  whether  these  "frames"  can  be  inverted  to  produce  the  position  of  the  atoms  as  a 
function  of  time.  Eventually  one  hopes  to  be  able  to  combine  these  two  studies  and  actually 
measure  the  time  evolution  of  matter  simultaneously  on  the  level  of  time  evolving  electronic  density 
and  nuclear  dynamics. 

As  an  example  of  changes  in  an  x-ray  diffraction  pattern  upon  electronic  excitation,  we 
show  in  Fig.  1  the  x-ray  scattering  intensity  of  the  ground  and  excited  2p(2p<— 2s)  electronic  states 
of  the  Li  atom  and  the  differences  between  them.®  The  new  features  in  the  diffraction  pattern  can  be 
interpreted  in  terms  of  the  extended  and  non-spherical  structure  of  the  excited  electronic  state  (the 
closed  shell  ground  state  atom  has  spherical  symmetry).  Our  computation  showed  that  even  though 
the  changes  in  the  total  electronic  densities  are  small  in  real  space,  they  are  significant  in  the  inverse 
k  space  which  is  the  domain  of  diffraction  experiments.  In  particular,  the  difference  in  the 
scattering  intensity  (right  panel  of  Fig.  1)  is  of  the  same  order  as  the  scattering  intensity  itself. 
These  results  suggest  that  electronic  stmctures  of  excited  electronic  states  may  be  directly  observed 
using  optical  pump-diffraction  probe  techniques. 


Fig  1 :  Two  dimensional  polar  contour  plots  of  x-ray  scattering  intensities  from  the  ground  (left  panel)  and 
excited  (middle  panel)  states  of  the  Li  atom.  The  distance  from  the  origin  to  any  point  on  the  graph  is  the 
scattering  angle  (a  circle  inscribed  within  the  bounding  box  would  be  at  scattering  angle  of  60°)  and  the  angle 
between  this  line  and  the  x  axis  is  the  azimuthal  angle  (p  (0  <  ^  <  2;r).  The  contours  are  equally  spaced  between  8 
and  2.  The  difference  between  these  two  plots  is  shown  in  the  right  panel.  Dashed  contours  are  plotted  at  negative 
values  of  -2,  -1.5,  -1,  -0.5  and  -0.25,  whereas  the  solid  ones  are  equally  spaced  between  0.4,  innermost  contour,  and 
0. 1  outermost  one. 


We  also  studied  nuclear  (i.e.,  atomic)  dynamics  in  molecules.^  The  simplest  chemical 
reaction  that  can  be  studied  is  the  photodissociation  of  a  diatomic  molecule,  and  we  take  bromine  as 
our  example.  An  optical  pulse  pumps  the  ground  state  molecule  into  a  dissociative  excited  state  and 
a  diffraction  pulse  probes  the  system  at  various  (increasing)  delay  times.  In  Fig.  2  the  diffraction 
pattern  for  this  two  electronic  state  system  is  computed  as  a  function  of  the  delay  time  between  the 
optical  pump  pulse  and  the  x-ray  probe  pulse.  For  the  initially  isotropically  distributed  molecules. 
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the  pattern  is  cylindrically  symmetric.  Once  the  molecule  interacts  with  the  optical  pump  field,  the 
diffraction  pattern  changes,  with  the  most  prominent  features  being  the  breaking  of  symmetry,  due 
to  the  interaction  with  linearly  polarized  light,  and  the  collapse  of  the  scattering  intensity  toward 
smaller  diffraction  angles,  as  the  Br  atoms  separate  due  to  the  excited  state  dissociative  dynamics. 
In  this  specific  example,  no  interference  between  the  two  well  separated  electronic  states  is 
observed,  yet,  whenever  two  electronic  states  approach  each  other  (and  even  cross)  and  given  a 
coherent  x-ray  probe  pulse,  one  should  actually  be  able  to  observe  the  effect  of  electronic 
interference  on  the  diffraction  pattern. 

Time:  -  200  fsec  Time:  + 1000  fsec  Time:  + 1600  fsec 


— 

Fig.  2:  As  in  Fig.  1  but  for  molecular  bromine  at  a  series  of  increasing  pump-probe  time  delays  measured 
between  the  centers  of  a  100  fs  optical  pump  and  a  200  fs  x-ray  probe  pulses.  Only  small  diffraction  angles  are 
shown  ( 0  <  0  <  24°  ).  The  changes  in  intensity  as  a  function  of  time  are  mainly  due  to  the  time  evolution  of  the 
excited  state.  (The  ground  state  is  almost  stationary.) 


Finally,  we  wish  to  emphasize  that  other  time  resolved  x-ray  spectroscopic  tools  may  be 
used  to  study  chemical  reactions.  As  demonstrated  recently  in  a  plasma  generated  x-ray  absorption 
experiment,^  the  photofragmantation  of  a  molecule  (SFe  in  this  study)  could  be  followed  using 
absorption  shape  resonances  that  are  known  to  be  sensitive  to  the  chemical  structure  of  the 
molecule. 
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The  efficiency  of  producing  soft  X-ray  laser  output  from  nanosecond  duration  optical 
pumping  pulses  has  been  found  to  be  low  (~  10  ®^).  This  means  that  moderately  large 

optical  pumping  lasers  are  required  (typically  producing  100  -  1000  joules  in 
nanosecond  pulses)  and  that  because  of  the  rapid  scaling  of  efficiency  with  X-ray  laser 
wavelength,  the  X-ray  wavelengths  able  to  be  pumped  with  such  medium-sized  laser 
facilites  are  limited  to  typically  >15  nm. 

Recent  experiments  and  simulations  have  shown  that  soft  X-ray  laser  output  can  be 
increased  by  orders-of-magnitude  by  pumping  with  multiple-pulse,  short  duration  (< 
150  ps)  pulses.  Experiments  undertaken  at  the  Central  Laser  Facility,  Rutherford 
Appleton  Laboratory  will  be  reviewed  in  this  paper. 

Multipulse  irradiation  with  100  ps  pulses  of  stripe  Germanium  targets  has  been  shown 
to  enhance  by  up  to  several  orders-of-magnitude  the  output  of  Ne-like  Ge  lasing  on  the 
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J  =  0-1  line  at  19.6  nm  compared  to  single  pulse  pumping  [1].  The  VULCAN  glass 
laser  at  the  Rutherford  Appleton  Laboratory  was  modified  to  produce  pairs  of  100  ps 
pulses  separated  by  400  or  800  ps  with  an  optional  double  pre-pulse  2  ns  earlier. 

Three  beams  from  the  laser  were  overlapped  to  produce  a  line  focus  of  100  p,m  width 

and  18  mm  length  with  an  average  irradiance  of  ~4X10'^  Wcm'^.  The  total  number  of 
X-ray  laser  photons  recorded  by  a  grazing  incidence  flat  field  spectrometer  is  plotted  as 
a  function  of  the  ratio  of  the  irradiance  of  the  two  driving  laser  pulses  in  figure  1. 

Figure  1  show  a  large  scatter  on  the  data  points  as  would  be  expected  of  a  highly  non¬ 
linear  phenomena  such  as  unsaturated  mirrorless  laser  output.  However,  the  X-ray 
laser  output  can  be  seen  to  increase  with  irradiance  ratio  (first  pulse/second  pulse)  of  the 

main  driving  pulses  up  to  a  maximum  at  «  1.  The  X-ray  laser  output  was  simulated 

using  the  EHYBRID  fluid  code  [2]  and  a  post-processor  ray  tracing  code  [3].  Figure  1 
show  superimposed  on  the  experimental  data  points  the  simulated  output  of  the  19.6  nm 
lasing  line  integrated  over  all  angles  and  in  time  from  the  post-processor  ray  trace  far- 
field  image  as  a  function  of  the  ratio  of  the  two  main  pulses.  It  can  be  seen  that  the 
output  intensity  increases  as  the  pulse  ratio  increases  and  that  the  predicted  optimum 
output  is  with  the  two  main  pulses  of  irradiance  ratio  ~  1  with  400  ps  separation  and 
two  prepulses  heating  the  target  2  ns  earlier  in  agreement  with  the  experimental  results. 
The  simulations  show  that  the  increase  in  output  with  increasing  pulse  ratio  is  due  to  an 
increase  in  the  gain  zone  spatial  size  and  reduced  refraction  of  the  X-ray  laser  beam 
resulting  from  reduced  average  density  gradients.  The  position  of  the  gain  peak  and 
the  outer  edge  of  the  gain  region  move  away  from  the  target  surface  to  regions  of 
reduced  electron  density  gradient.  The  peak  gain  coefficients  remain  approximately 
constant  (at  ~  30  cm  ')  with  varying  pulse  ratio. 

Enhanced  efficiency  of  neon-like  X-ray  lasing  has  been  obtained  by  transient  pumping 
using  a  short  pulse  (~  2  -  8  ps)  laser  impinging  onto  the  plasma  produced  by  a  long 
pulse,  low  intensity  laser.  The  VULCAN  laser  at  the  Rutherford  Appleton  Laboratory 
was  employed  with  one  of  the  six  beamlines  producing  the  long  pulse  of  irradiance 
5X10'^  Wcm"^  and  pulse  duration  700  ps  and  another  beamline  producing  the  short 
pulse  (2-8  ps)  with  an  irradiance  of  ~  10‘®  Wcm'^  over  a  line  focus  of  length  10  mm. 
Lasing  with  Ne-like  Ge  and  Fe  has  been  observed  with  very  large  gain  coefficients  and 
evidence  for  gain  saturation  at  lengths  of  ~  5  mm. 
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Pulse  Ratio  (first/second) 


Figure  1.  X-ray  laser  output  as  a  function  of  the  irradiance  ratio  of  the  two  main  drive  pulses 
(first/second).  A  Double  pulse  with  400  ps  separation.  D  Double  pulse  with  800  ps  separation.  A 
Double  pulse  with  400  ps  separation  and  two  prepulses.  The  variations  of  the  x-ray  laser  output  for  the 
196A  line  calculated  using  EHYBRID  and  the  ray  tracing  code  normalised  to  the  experimental  data  are 
also  shown  as  continuous  curves.  The  solid  line  is  for  double  pulse  irradiation  with  400  ps  separation. 
The  broken  line  is  for  double  pulse  irradiation  with  800  ps  separation.  The  dotted  line  is  for  double 
pulse  irradiation  with  400  ps  separation  and  two  prepulses. 

These  experiments  will  be  discussed  in  detail  along  with  modelling  studies  of  the  X-ray 
laser  output  with  multipulse  experiments  using  the  EHYBRID  and  ray  tracing  codes. 
Such  modelling  is  important  as  there  are  a  range  of  experimental  parameters  which  can 
be  varied  with  muti-pulse  pumping  (the  pulse  durations,  pulse  separations,  relative 
intensities  of  the  pulses)  which  it  is  difficult  to  investigate  experimentally. 
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The  development  of  x-ray  microscopy  for  the  biological  and  medical  sciences  offers 
several  inherent  advantages  over  other  high  resolution  microscopy  techniques,  such  as  confocal 
optical  microscopy  and  electron  microscopy  [1].  Short  wavelength  radiation  allows  for  much 
higher  spatial  resolution  than  optical  techniques,  while  at  the  same  time  possessing  sufficient 
depth  of  field  to  image  whole-cell  structures  of  several  microns  size.  High  image-contrast,  and 
even  elemental  mapping,  can  be  obtained  by  selection  of  the  appropriate  x-ray  wavelength. 
Moreover  in  avoiding  the  need  for  the  sample  preparation  procedures  inherent  to  electron 
microscopy  (staining,  drying,  sectioning  etc.)  x-ray  imaging  permits  the  visualization  of  biological 
specimens  in  their  natural  state.  Previous  developments  in  x-ray  microscopy  have  mostly  used 
synchrotron  radiation  sources  [2].  These  offer  precision  variability  in  x-ray  emission  but  are 
restricted  to  major  facilities,  and  require  long  exposure  times  to  record  an  image.  This  latter 
limitation  prevents  the  high  resolution  analysis  of  mobile  living  organisms  [3].  Early  work  with 
laser  plasma  x-ray  sources  also  required  the  use  of  major  facilities  (dedicated  to  laser  fiision)  [4]. 

In  this  paper  we  present  the  first  demonstration  of  single  fi'ame  x-ray  imaging  of 
biological  specimens  in  their  natural  state,  made  with  a  compact  solid-state  laser  plasma  source. 
In  these  experiments  live  mouse  macrophages  [5]  and  lipopolysaccharide  (LPS)  [6]  fi'om 
Burkholderia  cepacia  were  used  as  specimens.  The  ultrashort  duration  of  laser  plasma  x-rays 
permits  single-shot  fi’amed  images  to  be  recorded  in  times  much  shorter  than  any  kinetic  response 
of  biological  organisms,  including  those  produced  by  the  x-ray  radiation[7].  Thus  the  images 
obtained  by  this  method  portray  the  organism  in  its  natural  state,  unaltered  by  preparation  or 
radiation. 

An  x-ray  image  of  lipopolysaccharide  (LPS)  in  (dH20)  from  Burkholderia  cepacia  is 
shown  in  Fig.l.  The  images  of  the  aggregated  LPS  molecules  are  similar  to  the  space-filling 
models  that  are  constructed  using  data  from  chemical  degradation.  Thus,  visualization  of  the  LPS 
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allows  for  the  study  of  the  role  of  LPS  in  conferring  antibiotic  resistance  in  gram-negative  bacteria 
such  as  Burkholderia  cepacia. 

The  image  shown  in  Fig.2  are  of  thioglycollate-elicited  macrophages  obtained  from  a 
BALB/c  mouse  peritoneal  cavity.  Macrophages  are  professional  phagocytic  cells  capable  of 
ingesting  and  destroying  antigens.  They  aJso  cooperate  with  lymphocytes  in  the  production  of 
variety  of  cytokines  which  regulate  inflammatory  responses.  The  figure  shows  an  x-ray  image  of 
live,  un-fixed,  macrophage  cells  suspended  in  tissue  culture  medium. 

In  summary,  we  have  demonstrated  single  frame  x-ray  imaging  with  5  ns  time  resolution. 
The  data  obtained  with  LPS  shows  that  the  spatial  resolution  of  our  system  is  better  than  50nm. 
The  x-ray  image  of  the  fixed  macrophage  is  comparable  to  an  image  taken  by  a  scanning  electron 
microscope.  The  short  exposure  time  made  it  possible  to  take  an  x-ray  image  without  fixation. 
We  have  observed  two  types  of  unfixed  macrophage  images.  One  that  appears  rigid  and  steady, 
much  like  those  from  an  SEM,  the  other  appears  fragile,  and  dissimilar  to  those  taken  with  an 
SEM.  These  fragile  images  are  reported  for  the  first  time.  It  is  possible  that  the  fixation  process, 
used  to  view  these  fragile  samples,  destroys  these  features,  and  that  only  by  imaging  live,  unfixed 
organisms,  can  features  like  this  be  examined. 
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Fig.  1.  An  x-ray  image  of  lipopolysaccharide  (LPS)  from  Burkholderia  cepacia. 
The  smallest  feature  size  resolved  is  ~  50  nm. 


Fig.  2.  An  x-ray  image  of  mouse  macrophage  obtained  in  its  natural  state. 
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We  have  developed  a  high  intensity,  ultra-short  kilohertz  laser  system  operating  in  the  mid- 
infrared,  between  3  and  4.5  pm.  The  output  of  an  ultrashort  pulse  oscillator  (sync-pumped  dye 
laser  or  mode-locked  Ti; Sapphire  laser),  which  is  tunable  about  800  nm,  is  amplified  in  a 
TiiSapphire  regenerative  amplifier,  using  chirped  pulse  amplification  .  Another  pulse  at  X=1053 
nm,  synchronized  with  the  tunable  pulse,  is  amplified  in  a  cw  pumped  Nd:YLF  regenerative 
amplifier.  Mixing  the  two  pulses  in  a  nonlinear  crystal,  we  obtain  the  difference  frequency  in  the 
mid-infrared.  A  schematic  of  one  configuration  is  shown  in  the  figure  below.  The  800  nm 
oscillator  in  this  case  is  a  dye  laser  synchronously  pumped  by  a  mode-locked  Nd:YLF  laser,  which 
also  acts  as  the  seed  source  for  the  1053  nm  light,  thus  providing  optical  synchronization  between 
the  two  pulses  at  the  mixing  crystal.  This  configuration  yields  1  psec  pulses  in  the  mid-infrared 
with  an  energy  of  70  microjoules,  which  may  be  focussed,  using  f/4  optics,  to  peak  intensities 
above  10*^  W/cm^.  The  1053  nm  seed  source  may  also  be  electronically  synchronized  with  a 
mode-locked  Ti: Sapphire  oscillator  in  place  of  the  dye  laser,  reducing  the  pulsewidth  and 
increasing  the  peak  intensity  by  an  order  of  magnitude. 


3-4*S  |im 
70  1  psec 


Figure  1  Schematic  diagram  of  the  1  psec  configuration  of  the  mid-infrared  laser  system 
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The  physics  of  nonlinear  phenomena  in  this  wavelength  range  is  relatively  unexplored  due 
to  a  lack  of  sources.  The  dynamics  of  multiphoton  ionization  (MPI)  may  be  quite  different  in  this 
regime,  as  the  ponderomotive  potential,  which  scales  as  X,^,  is  over  an  order  of  magnitude  larger 
than  at  visible  wavelengths.  The  onset  of  the  tunneling  regime  of  MPI  (y  <  1)  then  occurs  at 
intensities  well  below  the  point  where  the  Coulomb  barrier  is  suppressed  below  the  ground  state. 
An  electron  which  is  ionized  by  tunneling  and  oscillating  in  the  optical  field  near  the  core  will  also 
have  an  oscillation  amplitude  larger  by  a  factor  of  X^.  An  anomalous  enhancement  of  the 
photodetachment  cross-section  of  Cl  ’  at  longer  wavelengths  (1.9  vs  1.0  pm)  has  already  been 
observed  [1] 


Applications  of  coherent  control  should  also  prove  more  interesting  at  longer 
wavelengths.  For  example,  in  the  coherent  control  of  the  multiphoton  dissociation  of  HD  ,  going 
to  longer  wavelengths  allows  one  to  manipulate  interferences  involving  closely  spaced  levels  near 
the  dissociation  threshold,  and  leads  to  a  more  precise  control  of  the  dissociation  process.  Figure 
2  shows  the  potential  curves  of  the  1  sOg  ground  state  and  the  2pau  repulsive  state  of  the  HD  ion. 
The  arrows  shown  correspond  to  the  photon  energies  at  1pm  and  its  second  harmonic.  The  two 
dissociation  channels  become  degenerate  at  large  internuclear  separation  in  H2^  and  D2 ,  but  this  is 
lifted  in  the  heteronucluear  case,  due  to  the  nuclear  mass  difference.  Because  of  the  mixing  of 
states  of  opposite  symmetry,  both  electronic  states  acquire  permanent  dipole  moments,  opposite 
in  sign,  which  distinguish  the  two  asymptotic  dissociation  channels  (H  +  D"”)  and  (D  +  H^. 
Coherent  control  of  the  photodissociation  fragment  angular  distribution  through  the  manipulation 
of  the  relative  phase  between  the  fundamental  and  second  harmonic  has  already  been 
demonstrated  at  1pm  [2].  This  occurs  through  a  phase-dependent  interference  between  different 


ThE2-3  /  57 


multiphoton  pathways  in  a  transition  between  the  two  electronic  states.  At  longer  wavelengths, 
rovibrational  transitions  within  an  electronic  state  become  important,  sampling  the  potential  at 
large  internuclear  separations,  where  the  dipole  moment  is  large.  It  is  then  possible  to  spatially 
separate  the  products  from  the  two  dissociation  channels  [3].  This  effect  is  predicted  to  peak  near 
X  =  10  pm,  but  should  already  be  clearly  visible  at  4  pm. 
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High  order  harmonic  generation  of  intense  femtosecond  laser  pulses  has  attracted  much 
interest  during  the  last  years.  These  harmonics  cover  a  rather  broad  spectral  range  and 
especially  in  the  VUV  and  XUV  (corresponding  to  wavelengths  from  approximately  10- 
100  nm)  the  spectral  analysis  and  the  efficient  detection  of  the  laser  generated  radiation 
is  not  a  trivial  task.  For  our  own  studies  on  harmonic  generation  from  femtosecond 
laser  plasmas  on  solid  surfaces  we  have  build  a  XUV-spectrometer  consisting  of  a  flatfield 
grating  in  conjunction  with  a  thinned,  back-illuminated  CCD-camera. 

The  experimental  setup  for  the  characterization  of  our  detection  scheme  consists  of  a 
hollow- cathode  discharge  lamp  as  a  calibrated  VUV-source  coupled  to  a  VUV-grating 
monochromator.  For  part  of  the  experiments  we  also  used  a  silicon  photodiode  (UDT 
XUV-100).  All  measurements  are  necessarily  conducted  in  vacuum.  Although  the  spec¬ 
trographs  and  the  detectors  are  differentially  pumped  the  vacuum  conditions  are  rather 
poor  (base  pressure  ~  10“^  mbar)  because  of  the  direct  coupling  to  the  (windowless) 
hollow  cathode  discharge  lamp. 

In  a  first  step  we  determined  the  diffraction  efficiency  of  the  flatfield-grating.  The 
monochromator  is  used  to  select  a  specific  wavelength  and  the  diffraction  efficiency  of 
the  flatfield  grating  is  determined  simply  by  comparing  the  signals  from  the  CCD  or 
the  photodiode  before  and  after  the  grating.  Because  in  this  experiment  only  relative 
signals  are  compared  we  do  not  need  the  absolute  characteristic  of  our  source  and  of  the 
detector.  Typical  diffraction  efficiencies  lie  in  the  range  from  2%  up  to  15%  with  a  relative 
uncertainity  of  10  -  20%.  Due  to  the  rather  bad  vacuum  conditions  and  the  problems  which 
may  arise  from  a  contamination  of  the  gratings  or  the  detectors  with  hydrocarbons  we 
repeated  the  measurements  several  times  for  different  vacuum  conditions  and  with  the 
CCD  cooled  (Peltier)  or  at  room  temperature.  We  usually  found  no  dependence  of  our 
results  on  the  different  enviromental  conditions. 

After  the  calibration  of  our  spectrometer  we  measured  the  XUV-sensitivity  of  two 
thinned,  back-illuminated  CCD-cameras.  Both  cameras  are  commecially  available  systems 
(Spectroscopy  Instruments  Inc.)  and  use  CCD's  from  SiTe  (TK1024T  and  TK512CB).  It 
is  well  known  that  such  CCD 's  are  directly  sensitive  to  electromagnetic  radiation  from  the 
visible/  near-infrared  up  to  the  keV-X-ray-range.  The  sensitivity  is  limited  to  this  range 
because  for  photon  energies  below  leV  and  above  a  few  keV  the  propability  for  absorption 
becomes  so  low  that  the  light  passes  through  the  (thinned)  device  without  creating  an 
electron-hole  pair.  On  the  other  hand  the  sensitivity  in  the  VUV-  and  XUV-range  is 
decreased  due  to  the  fact  that  here  the  absorption  is  too  strong.  The  incident  photons 
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are  absorbed  in  the  oxide  layer  or  in  the  first  few  nanometers  of  the  silicon.  Near  the 
surface  the  potential  gradient  becomes  inverted  due  to  surface-  and  interface  states  and 
the  photogenerated  electrons  drift  towards  the  surface  and  recombine  there  without  being 
detected.  This  effect  can  be  reduced  by  ion-implantation  coupled  with  laser-annealing 
of  the  near  surface  region.  However  it  is  not  trivial  to  achieve  homogenous  implantation 
and  annealing  on  larger  CCD  's  and  it  should  be  noted  that  such  special  design  devices 
are  not  yet  commercially  available.  That  was  the  main  reason  for  us  to  investigate  the 
VUV-perfomance  of  commercially  available  CDD-cameras. 

We  will  report  here  on  measurements  of  the  spectral  sensitivity  of  the  two  cameras  from 
10-50eV,  discuss  the  reproducibilty  of  our  devices  especially  under  the  aspect  of  surface 
contamination  of  the  CCD  and  compare  their  performance  to  that  of  a  phosphor  based 
detection  scheme.  Beside  that  we  will  discuss  the  occurance  of  some  type  of  radiation 
damage  in  the  CCD  caused  by  VUV-radiation  from  a  rather  narrow  spectral  range  around 
80  nm.  Due  to  this  damage  the  VUV-sensitivity  of  the  CCD  is  significantly  reduced  and 
the  dark  current  is  increased.  We  found  that  the  damage  is  not  permanent  and  describe 
a  procedere  to  anneal  the  CCD. 
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X-ray  streak  camera  detectors  are  important  as  diagnostics  for  monitoring  fast  x-ray  processes 
such  as  the  emission  from  laser-produced  plasmas,  and  also  for  obtaining  high  time-resolution  in 
x-ray  studies  done  using  quasi-CW  x-ray  sources  such  as  synchrotrons.  In  work  in  1990,  an  x-ray 
streak  camera  was  demonstrated  to  have  2  ps  time  resolution;!  however,  in  subsequent  years, 
progress  in  obtaining  faster  resolution  has  been  slow.  Progress  has  been  limited  by  two  factors:  the 
intrinsic  time  response  of  the  streak  camera  itself,  and  the  time  duration  of  the  x-ray  source  itself 
(usually  a  laser-produced  plasma  with  x-ray  pulse  duration  of  ~l-2  ps). 

In  this  work,  we  describe  a  significant  improvement  in  streak-camera  performance,  resulting 
from  a  complete  rethinking  of  the  streak  camera  design,  to  reduce  the  limitations  on  the  temporal 
resolution  as  much  as  possible.2  Our  camera  uses  a  pair  of  meander-type  deflection  plates,  located 
before  a  magnetic  focusing  lens.  This  configuration  has  several  advantages  over  past  electrostatic 
focusing  designs.  First  the  electron  transit  time  dispersion  from  the  anode  to  the  deflection  plates  is 
minimized.  Second,  the  fast  time  response  and  high  deflection  sensitivity  (8  cm/kV)  of  the  meander 
type  deflection  plates  allows  high  sweep  speeds  on  the  phosphor  screen.  Third,  the  short  transit 
time  also  reduces  space  charge  effects.  Fourth,  using  a  pulsed  extraction  field  makes  it  possible  to 
use  high  acceleration  fields  without  electrical  breakdown.  And  finally,  the  use  of  a  GaAs 
photoconductive  switch  makes  possible  a  fast  sweep  speed  well-synchronized  to  the  source. 

The  x-ray  streak  camera  uses  a  KBr  photocathode,  followed  by  an  acceleration  region  driven 
by  a  -5kV  pulse  superimposed  on  a  -5kV  DC  voltage.  The  beam  then  passes  through  a  pair  of 
sweep  plates  driven  by  a  GaAs  photoconductive  switch.  After  the  magnetic  lens,  the 
photoelectrons  strike  an  intensifier  consisting  of  a  double  microchannel  plate  and  a  phosphor- 
coated  fiber-optic  faceplate.  The  output  phosphor  screen  is  then  fiber-optically  coupled  to  a  CCD 
camera.  The  measured  width  of  the  slit  image  is  ~80|im.  The  obtained  sweep  speed  is  2x10^  m/s, 
so  that  the  camera  time  resolution  is  limited  at  400  fs  by  the  spatial  resolution  and  sweep  speed. 
Taking  into  account  the  time  dispersion  also,  the  total  estimated  time  resolution  for  our  camera  is 
~0.5ps. 

To  test  the  time  resolution  of  the  camera,  we  used  the  fastest  x-ray  pulses  available  to  date, 
which  are  higher  harmonics  generated  by  a  25  fs  Ti:Sapphire  laser.3  A  single  high  harmonic  peak 
centered  at  170A  was  selected  by  an  X-ray  spectrometer  to  use  for  the  streak  camera  calibration. 
The  pulse  duration  of  the  high  harmonics  is  expected  to  be  shorter  than  the  laser  pulse  of  26  fs, 
while  the  dispersion  of  the  x-ray  spectrometer  was  calculated  to  broaden  the  time  duration  by  at 
most  300  fs.  We  obtained  a  time  resolution  of  880  fs  in  the  x-ray  region  using  our  streak  camera, 
as  shown  in  Fig.l.  This  is,  to  our  knowledge,  the  first  demonstration  of  a  sub-picosecond 
response  x-ray  streak  camera. 
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In  this  preliminary  measurement,  we  found  that  the  sweep  speed  of  the  camera  could  not  be 
increased  beyond  a  certain  point,  because  the  electron  path  became  obstructed  by  the  plates.  This 
happens  when  the  speed  of  the  electron  bunch  through  the  deflection  region  does  not  perfectly 
match  the  speed  of  the  voltage  pulse  in  the  deflection  plates. 

Tests  were  also  performed  using  the  third  harmonic  of  a  TirSapphire  laser,  generated  by 
focusing  an  800  nm,  26  fs,  3  mJ  laser  pulse  in  air  with  an  f-30  lens.  The  uv  beam  was  collimated 
using  a  second  lens,  and  separated  from  the  infrared  light  by  a  pair  of  prisms.  Finally,  the  uv  light 
was  focused  onto  the  photocathode  of  the  streak  camera.  Using  this  setup,  we  observed  a  time- 
response  of  0.8  ps  using  the  original  setup,  and  very  recently  we  demonstrated  a  time  response  of 
540  fs  using  a  set  of  redesigned  deflection  plates.  The  sweep  speed  was  calibrated  by  inserting  a 
known  thictaiess  glass  plate  into  part  of  the  beam  to  delay  that  part.  The  theoretical  time  resolution 
of  the  camera  at  this  wavelength  is  not  clear,  since  the  photoelectron  energy  distribution  of  the 
photocathode  at  this  wavelength  is  not  available.  From  our  uv  tests,  we  found  that  the  dynamic 
spatial  resolution  in  the  scanning  direction  deteriorates  with  increasing  sweep  speed.  However,  this 
could  be  corrected  by  readjusting  the  focusing  current. 
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Figure  1:  The  0.88  ps  time-response  of  our  streak  camera  using  femtosecond  x-rays  at  17  nm 
produced  by  high-harmonic  generation. 


References 


1.  M.  M.  Murnane,  H.  C.  Kapteyn,  R.  W.  Falcone,  Appl.  Phys.  Lett.  56,  1948  (1990). 

2.  Z.  Chang,  A.  Rundquist,  J.  P.  Zhou,  H.  C.  Kapteyn,  M.  M.  Mumane,  Applied  Physics  Letters 
69,  133  (1996). 

3.  J.  Zhou,  J.  Peatross,  M.  M.  Murnane,  H.  C.  Kapteyn,  1.  P.  Christov,  Physical  Review 
Letters  76,  752  (1996);  I.  Christov,  J.  Zhou,  J.  Peatross,  A.  Rundquist,  M.  M.  Murnane,  H.  C. 
Kapteyn,  I.  P.  Christov,  Physical  Review  Letters  77,  1743  (1996). 


Intensity  (a.  u.) 


62  /  ThE4-3 


80  q 


Time  (ps) 

Fig.2  :  UV  time  response  of  the  streak  camera  using  redesigned  sweep  pk 
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The  combination  of  ultrashort  pulse  generation  and  chirped  pulse  amplification 
(CPA)  techniques  has  been  the  driving  force  in  the  development  of  laser  systems 
with  peak  powers  at  the  terawatt  level  [1-6].  Most  high  power  systems  developed  to 
date,  work  in  a  spectral  region  between  0.8  and  1.1  microns,  and  TW-class  lasers 
have  been  demonstrated  in  Ti:Sapphire,  Nd:glass  and  Cr:LISAF  based  systems.  A 
known  alternative  is  offered  by  excimer  lasers.  Efforts  in  this  direction  have  been 
undertaken  by  a  number  of  groups  [7-9]. 

We  report  on  the  performance  of  a  Ti:Sapphire/KrF*  laser  system  leading  to 
the  generation  of  what  could  prove  to  be  the  first  multi-terawatt  pulses  reported  in 
this  spectral  region.  The  initial  pulses  are  obtained  with  a  Ar-ion  pumped  KLM 
Ti:Sapphire  oscillator  optimized  for  stable  operation  at  A,=745  nm  with  a  single-plate 
birefringent  filter.  The  average  mode-locked  power  is  350  mW  (Ppump=6.7  W)  for  a 
pulse  of  duration  t:=85  fs.  After  the  initial  stretching,  amplification  in  the  red  is 
performed.  Gold-replica  gratings  (groove  density  of  1200  lines /mm)  are  used  in  a 
single  grating  stretcher /single  grating  compressor  combination  (stretch  factor=1000). 
The  previous  dye  preamplifier/triple  pass  Ti:Sapphire  combination  [12]  has  been 
substituted  by  a  home  built  regenerative  amplifier  illustrated  in  Fig.  1.  Pumping  is 
achieved  by  means  of  a  Continuum  Q-switched  Nd:YAG,  furnishing  ~30  mj  of 
energy  to  the  amplifier  crystal.  The  combination  of  the  prism  stage  and  curved  end 
mirror  allows  spectral  tunability  of  the  regen  cavity:  for  our  purposes  it  is  tuned  for 
operation  at  745  nm.  The  SFIO  prisms  are  set  to  approximately  compensate  the 
other  optical  elements  in  the  regen  cavity.  Typical  energy  outputs  are  of  1.8  mJ,  with 
fluctuations  of  ±5%  caused  by  instabilities  in  the  pump  energy.  This  gives  us,  as 
expected,  considerable  improvement  over  the  previous  dye-cell  arrangement.  The 
repetition  rate  of  the  amplified  pulses  is  2  FIz.  Frequency  conversion  takes  place  at 
this  point.  Two  KDP  crystals  of  thickness  3  mm  and  1  mm,  respectively,  for 
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doubling  and  mixing  of  the  372  nm  radiation  with  the  residual  745  nm 
fundamental.  Seeding  energies  of  at  least  10  |a.J  from  the  tripler  are  desirable,  to 
guarantee  a  good  contrast  ratio  between  the  signal  and  the  amplified  spontaneous 
emission  (ASE)  in  the  KrF*  amplifier. 


Fig.  1  Schematic  of  the  tuneable  regenerative  amplifier 


Average  output  energies  from  the  tripler  are  of  18  pj  at  248  nm  for  a  1  mj  745  nm 
input,  which  are  sent  to  seed  the  excimer  preamplifier.  To  ensure  good  beam 
quality,  the  beam  is  spatially  filtered  in  vacuum  after  the  tripler  by  focusing  it  into  a 
35  pm  pinhole  which  reduces  the  seed  energy  to  15  pj.  The  first  UV  amplification 
stage  is  performed  in  a  KrF’^  excimer  (Lambda  Physik  201  MSC  EMG  )  arranged  in  a 
double-pass  off-axis  geometry  [11].  The  device  is  operated  with  a  22  kV  discharge 
voltage  and  a  pressure  of  2000  mbar  (100  mbar  F2, 120  mbar  Kr,  1800  mbar  Ne).  The 
off-axis  angles  in  the  two  paths  are  designed  to  achieve  optimum  amplification  over 
the  whole  beam  dimension.  The  output  energies  are  measured  to  be  an  average  of 
3.5  mJ.  The  duration  of  the  248  nm  pulse,  after  the  double-pass  excimer,  is  obtained 
through  a  two-photon  fluorescence  (TPF)  measurement  giving  a  duration  of  200  fs. 
The  beam  is  focused  and  sent  through  a  second  pinhole  in  order  to  filter  out  any 
ASE  leaking  from  the  first  excimer.  The  contrast  ratio  signal  to  ASE  is  measured  to 
be  in  excess  of  1000.  The  final  amplification  is  obtained  by  means  of  a  large  aperture 
(10  cm)  excimer  amplifier  [12].  The  beam  is  then  directed  through  a  telescope  beam 
expander  before  entering  the  final  amplification  stage.  This  power  amplifier  is 
operated  at  relatively  low  pressure  and  low  gain  in  order  to  reduce  wave-front 
distorsions  and  ASE.  The  pulses,  produced  at  a  repetition  rate  of  0.4  Hz  exhibit  a  10- 
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shot  average  energy  above  0.5  J,  with  peak  recorded  shots,  for  a  fresh  gas  fill,  of  0.75  J. 
Characterization  of  the  spectral  and  temporal  features  of  the  final  pulse  are  presently 
underway.  From  the  previous  performance  of  the  system  ,  there  is  reason  to  believe 
that  there  will  not  be  considerable  broadening  of  the  pulse  through  the  final 
amplification  stage. 

In  conclusion,  evidence  for  a  femtosecond  laser  system  that  can  operate  in  the  2-3 
Terawatt  power  level  in  the  UV  region  of  the  spectrum  (248  nm),  is  presented. 
Preliminary  observations  indicate  improved  experimental  conditions,  which 
provide  a  more  efficient  tool  for  ultraintense  physics  experiments. 
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Recently  there  has  been  significant  progress  in  the  development  of  high  repetition 
rate,  high  peak  power  Ti:sapphire  systems.  [1]  Many  experiments  in  high  field  science 
require  peak  powers  of  0.1 -1.0  TW,  and  therefore  this  new  generation  of  high-average 
power  lasers  will  have  a  great  impact  on  the  quality  and  utility  of  experiments  in  this 
area.  For  example,  recent  experiments  in  high  harmonic  generation  (HHG)  have 
demonstrated  that  with  sufficiently  short  laser  pulses  (~  20  fs),  laser  energies  of  2  -  10  mJ 
can  be  used  to  generate  very  high  order  harmonics,  with  photon  energy  up  to  240  eV. 
[2,3]  However,  to  date,  the  lasers  used  to  generate  very  high-order  harmonics  have 
typically  been  low  repetition-rate  (10  Hz)  systems.  A  kHz  repetition-rate  laser  with 
sufficient  peak  power  for  high  harmonic  generation  would  result  in  a  100  times  increase 
in  x-ray  flux,  with  vastly  improved  signal-to-noise  ratios.  In  addition,  other  processes 
such  as  low-order  harmonic  generation  in  gases[4]  become  even  more  efficient  with 
millijoules  of  laser  energy,  and  will  be  capable  of  generating  sufficient  flux  for 
application  experiments  in  chemical  dynamics. 

We  have  developed  a  Ti:sapphire  amplifier  system  that  generates  a  peak  power  of 
0.125  TW,  at  1  kHz  repetition  rate,  with  2.5  mJ  of  energy,  in  a  20  fs  pulse  duration.  The 
laser  system  is  shown  in  Figure  1,  and  consists  of  two  stages  of  amplification.  The  first 
stage  is  a  ring  multi-pass  amplifier,  which  has  been  demonstrated  previously.  [1]  It  is 
pumped  by  9  mJ  from  an  intra-cavity  doubled  Nd:YLF  laser  (Quantronix  527).  The 
output  from  the  first  stage  is  600  pJ,  which  is  passed  through  a  Pockels  cell,  before 
injection  into  the  second  stage.  The  second  stage  has  a  similar  design  to  the  first  stage, 
and  is  pumped  by  the  residual  7.5  mJ  from  the  first  pump  laser,  together  with  12.5  mJ 
from  a  second  Nd:YLF  laser.  The  amplifier  crystal  used  in  the  second  stage  is  a  4.5  mm 
thick,  1  cm  diameter,  0.25%  doped  Ti:sapphire  crystal  cut  for  normal  incidence,  anti¬ 
reflection  coated  for  800  nm,  and  temperature  stabilized  at  15  deg  C.  In  high  repetition 
rate  systems,  the  average  power  that  is  deposited  in  the  amplifying  medium  can  cause  a 
radial  change  in  the  refractive  index,  and  can  also  cause  stresses  which  deform  the  crystal 
surface.  These  changes  act  as  a  lens  element  in  the  amplifier,  changing  the  pump-seed 
overlap,  and  thus  dramatically  reducing  the  energy  extraction  from  the  rod.  The  thermal 
lens  changes  as  a  function  of  pump  power,  which  can  also  lead  to  a  changing  position  for 
an  intermediate  focus  within  the  ring  amplifier  as  the  pump  power  is  increased.  By 
placing  a  negative  (-300  mm  focal  length)  lens  at  the  back  surface  of  the  Ti:sapphire 
crystal,  the  thermal  lensing  can  be  corrected. 
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The  output  pulse  energy  from  the  second  stage  of  amplification  is  4.0  mJ,  giving  an 
extraction  efficiency  of  23%.  This  value  is  close  to  our  theoretically  predicted  value  of 
30%  -  the  discrepancy  arising  from  inexact  thermal  lens  compensation  at  the  present 
time.  Further  work  is  in  progress  to  correct  this.  Residual  forth  order  dispersion  in  our 
amplifier  is  compensated  by  a  pair  of  SF18  glass  prisms,  which  are  placed  directly  after 
the  stretcher,  [5]  giving  us  a  fifth  order  limited  pulse.  We  fully  characterize  our  output  in 
amplitude  and  phase  using  the  new  technique  of  transient  grating  frequency  resolved 
optical  gating  (TG-FROG).  This  technique  has  allowed  us  to  remove  several  non¬ 
optimum  optics  from  our  amplifier  chain,  and  obtain  very  high  quality  output  pulses. 
Figure  2  is  a  direct  measurement  of  the  intensity  profile  of  our  output.  The  energy  after 
compression  is  2.5  mJ,  with  a  20  fs  pulse  duration,  to  give  a  0.125  TW  peak  power 
output  pulse.  We  hope  in  the  near  future  to  reach  output  energies  of  7  mJ 'after 
compression,  which  would  correspond  to  a  peak  power  of  0.350  TW. 
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Figure  1;  TW  level,  kilohertz  repetition  rate  Tirsapphire  laser  system  capable  of 
delivering  2.5  mJ  in  20  fs,  or  a  peak  power  of  0.125  TW. 
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Figure  2:  20  fs  compressed  pulse  output  from  the  laser  system,  measured  using  transient 
grating  FROG:  (a)  Pulse  intensity  profile,  (b)  spectrum  and  phase  of  the  pulse. 
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It  is  well-known  that  the  origin  of  the  magneto-optical  Kerr  effect  (MOKE)  is  spin-orbit 
coupling  of  electrons.  The  effect  is  relatively  small  in  the  visible  light  region  because  of 
the  weak  spin-orbit  coupling  of  conduction  electrons.  On  the  other  hand,  the  effect  can 
be  enhanced  significantly  in  the  x-ray  region  by  tuning  the  x-ray  energy  through  some 
core  electron  absorption  edges  of  the  sample,  since  the  spin-orbit  coupling  can  be  much 
stronger  for  these  core-electrons. 

As  an  example,  recent  results  from  a  thin  bcc  Co  film  will  be  presented.  In  the  Ken- 
effect  measurement,  specular  reflectivity  as  a  function  of  incident  angle  and  photon 
energy  was  measured  using  both  linearly  polarized  and  circularly  polarized  x-ray.  In  the 
case  of  linearly  polarized  light,  specular  reflectivity  was  measured  in  the  transverse  con¬ 
figuration;  while  in  the  case  of  circularly  polarized  light,  the  measurement  was  carried  out 
in  the  longitudinal  configuration.  In  both  cases  very  large  changes  in  reflectivity,  up  to 
40%  in  the  linearly  polarized  case  and  75%  in  the  circularly  polarized  case,  were 
observed  near  the  Co  Ljj  and  Ljjj  absorption  edges  upon  reversal  of  the  direction  of  the 
magnetic  field  ( see  figure  ). 
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The  large  enhancement  of  the  MOKE  effect  and  the  element-specific  nature  of  core¬ 
electron  excitations  make  x-ray  MOKE  an  important  new  experimental  technique  in  the 
study  of  magnetic  thin  films  and  multilayers.  For  example,  it  has  been  used  to  measure 
magnetization  density  profile  of  magnetic  thin  films,  element-specific  hysteresis  loop  of 
heteromagnetic  systems,  and  magnetic  structure  of  magnetic  multilayers.  Recent  exam¬ 
ples  will  be  given. 
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Theory  of  tunneling  ionization  of  atoms  and  atomic  ions  by  strong  low- 
frequency  laser  radiation  was  developed  in  Ref.[l]  (so  called  ADK- 
approach).  This  theory  is  based  on  the  conception  of  the  quasi-stationary 
electromagnetoc  field  producing  tunneling  ejection  of  valence  electrons. 

A  complex  atom  or  an  atomic  ion  is  considered  in  the  frames  of  quantum 
defect  method;  its  wave  function  is  an  asymptotic  wave  function  at  the  large 
distances  from  the  atomic  core.  In  Ref [2]  the  angular  and  energy 
distributions  of  ejected  electrons  in  tunneling  ionization  were  obtained. 

The  above  results  are  valid  for  tunneling  ionization  when  the  field 
strength  of  laser  radiation  is  small  compared  to  the  barrier-suppression 
field  strength  [3].  The  generalization  of  this  approach  to  barrier-suppression 
ionization  has  been  made  in  Ref  [4]  for  ground  state  of  hydrogen  atom 
perturbed  by  circularly  polarized  laser  radiation. 

The  goal  of  this  talk  is  to  generalize  the  theory  to  the  case  of  arbitrary 
complex  atoms,  atomic  ions  and  diatomic  molecular  ions,  and  to  obtain 
simple  analytical  formulas  for  energy  and  angular  distributions  of  the 
ejected  electrons  in  the  barrier-suppression  ionization.  Of  course,  the 
obtained  expressions  coincide  with  the  results  of  ADK  approach  in  the 
limit  of  a  weak  low-frequency  radiation.  In  order  to  obtain  correct  pre¬ 
exponential  factors  in  the  transition  amplitude,  the  Coulomb  correction  [5] 
for  the  Volkov  wave  function  of  the  final  continuum  state  is  taken  into 
account,  using  the  semi-classical  perturbation  theory. 

Everywhere  we  use  the  atomic  system  of  units:  e=  fi  =  =  \.  In  the 

case  of  circularly  polarized  radiation  we  obtain  the  next  expression  for 
barrier-suppression  ionization  rate  of  an  atomic  system  with  the  charge  of 

the  atomic  core  Z  and  energy  of  the  bound  state  =  -Z  /  In  (here  n 
is  the  effective  principal  quantum  number)  by  low-frequency  laser  radiation 
with  the  field  strength  amplitude  F : 

In 

where  is  Airy  function,  and  the  notations  are  introduced 


(1) 
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k  = 
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Fn 
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This  result  is  valid  for  initial  ^-state.  It  reduces  to  ADK  expression  with 

correct  pre-exponential  factor  in  the  limit  of  a  weak  field  F  «Z^  !  . 

The  ionization  rate  of  /7-state  is  3  times  larger  than  of  i'-state.  Details  of 
tunnel  ionization  can  be  found  in  the  book  [6]  while  details  of  barrier- 
suppresion  ionization  are  described  in  review  paper  [7] . 

In  the  case  of  linear  polarization  of  the  radiation  we  obtain  more 
cumbersome  expression  for  the  barrier-suppression  ionization  rate; 
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In  the  limiting  case  of  tunneling  ionization  it  reduces  to  ADK  result  as  it 
should  be. 

The  ratio  of  barrier-suppression  ionization  rate  by  ADK-rate  is  shown 
in  Fig.  1 . 


'^BSI 

^ADK 


Fig.l. 

The  curve  1  is  corresponding  to  circular  polarization,  the  curve  2  -  to  linear 
polarization.  Tunneling  limit  is  corresponding  to  the  case  of  k  » 1. 

It  is  seen  that  BSI-ionization  rate  is  less  than  the  extrapolation  of  ADK 
expressions  for  the  region  of  BSI-fields. 

Now  we  consider  the  resonance  tunneling  in  diatomic  molecular  ions.  It 
takes  place  when  the  energy  of  lower  state  in  one  potential  well  is 
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approximately  equal  to  the  energy  of  higher  state  in  the  other  potential 
well.  The  picture  of  resonance  tunneling  ionization  of  a  diatomic  molecular 
ion  is  shown  in  Fig.2. 


Fig.2. 

The  ionization  rate  of  resonance  tunneling  for  diatomic  molecular  ion  is 
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The  maximum  rate  in  exact  resonance  does  not  contain  any  exponentially 
small  terms: 


w: 


max 


res 


FD^ 

^TtZ 


(5) 


References 

1.  Ammosov  M  V,  Delone  N  B  and  Krainov  V  P  1986  Sov.  Phys.  -  JETP 
64  1191-1194 

2.  Corkum  P  B,  Burnett  N  H  and  Brunei  F  1989  Phys.  Rev.  Lett.  62, 
1259-1262 

3.  Augst  S,  Meyerhofer  D,  Strickland  D  and  Chin  S  L  1991  /.  Opt.  Soc. 
Am.  B  8  858-867 

4.  Krainov  V  P  and  Shokri  B  1995  Sov.  Phys.  -  JETP  80  657-661 

5.  Reiss  H  R  1992  Progr.  Quantum  Electr.  16  1-72 

6.  Delone  N  B  and  Krainov  V  P  1994  Multiphoton  Processes  in  Atoms 
(Berlin:  Springer) 

7.  Krainov  V  P  1995  J.  Nonlinear  Opt.  Phys.  and  Materials  4  775-798 


ThE9-l/75 


PRECISION  TESTS  OF  LASER-TUNNELING  IONIZATION  MODELS 

B.  Buerke^,  J.  P.  Knauer,  S.  J.  McNaught^,  and  D.  D.  Meyerhofer^’^ 

Laboratory  for  Laser  Energetics 
University  of  Rochester 
250  E.  River  Rd., 

Rochester,  NY  14623. 

also  Dept,  of  Physics  and  Astronomy 
h)  also  Dept,  of  Mechanical  Engineering 


We  have  used  a  1.5  ps,  1  |J.m  laser  with  intensities  up  to  IQi*  W/cm^  and  two  electron 
spectrometers  to  test  laser-ionization  models  in  the  tunneling  regime. 

We  have  used  circularly  polarized  light  to  ionize  hydrogenic  helium  and  have  measured 
both  the  ion  yield  and  electron  energy  distribution.  The  electron  energy  distribution  is  measured 
with  a  retarding  potential  spectrometer.  A  fully  relativistic  Monte  Carlo  simulation  shows  that 
while  traversing  the  focus  the  electrons  pick  up  96%  of  the  available  energy  (2Up)  at  ionization. 
This  intensity-to-energy  calibration  permits  precise  tests  of  tunneling  theories.^  A  quasi-classical 
tunneling  theory^  predicts  a  peak  energy  lower  than  the  observed  peak.  We  compare  the  electron 
energy  distribution  to  a  variety  of  ionization  models  to  elucidate  the  validity  of  quasi-classical 
models  in  the  ionization  of  hydrogenic  helium. 

We  have  used  a  magnetic  spectrometer^  to  measure  the  electron  energy  distribution 

during  ionization  with  elliptically  and  linearly  polarized  laser  light  and  to  infer  the  initial 

condition  of  electrons  injected  into  the  field  by  mnneling  ionziation.  In  strong  laser  fields,  the 

ionization  of  atoms  can  be  described  quasi-classically.  In  an  a.c  tunneling  model  of  ionization 

with  linear  polarization,'^  the  electrons  are  ionized  near  the  peak  field  of  the  optical  cycle,  with 

an  optical  phase  width  around  the  peak.  The  initial  phase  distribution  with  respect  to  the  optical 

cycle  determines  the  electron's  initial  condition.  The  angular  distribution  of  high  energy  electrons 

in  the  plane  of  polarization  has  an  asymmetry  which  is  a  function  of  this  initial  condition.  We 

have  measured  the  asymmetry  in  the  angular  distribution  (in  the  plane  of  polarization)  of 

electrons  produced  during  the  ionization  of  Neon  leading  to  the  Ne^"*"  -  Ne^+  charge  states.  We 

find  that  the  electrons  must  be  bom  with  a  phase-spread  of  -0.53  rad  (FWHM)  around  the  peak 

field  of  the  optical  cycle  to  explain  the  observed  -2:1  asymmetry  in  electron  number.  The  phase 

spread  is  consistent  with  that  predicted  for  a.c.  tunneling  models.'^’  ^  This  is  an  important 

7 

confirmation  of  the  quasi-classical  models  used  to  explain  high-order  harmonic  generation. 
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The  Ammosov-Delone-Krainov  theory  (ADK,  [1])  is  a  wide-spread  theory  for  describ¬ 
ing  the  tunneling  ionization  of  atoms  in  high  light  field.  It  is  an  important  detail  of 
this  theory  that  the  ionization  probability  is  determined  not  only  by  the  exponential 
factor,  but  also  by  the  pre-exponential  factor  which  depends  upon  the  electron  orbital 
momentum  and  magnetic  quantum  number. 

An  application  of  this  theory  to  the  case  of  molecular  tunnel  ionization  is  rather 
complicated.  This  fact  is  due  to  that  the  valence  electron  in  a  molecule  has  no  de¬ 
termined  values  of  orbital  and  magnetic  quantum  numbers.  Moreover,  the  explicit 
dependence  upon  the  angular  variables  is  difficult  to  display  from  the  molecular  wave- 
functions  constructed  by  methods  of  quantum  chemistry.  In  this  regard,  the  simplest 
molecules  of  type  provide  an  exception. 

There  are  two  cases  in  molecular  theory  when  the  dependence  of  the  electron  wave- 
function  upon  the  angular  variables  is  determined  in  rather  general  form.  They  cor¬ 
respond  to  the  electron  motion  in  the  field  of  several  ^-potentials  [2]  and  in  the  field 
of  Coulomb-|-point  dipole  potential  [3].  In  the  present  work,  a  theory  of  tunneling 
ionization  is  developed  for  the  second  case;  this  theory,  strictly  speaking,  is  applicable 
to  the  Rydberg  electrons  in  polar  molecules.  In  this  case,  apart  from  the  Coulomb 
potential  of  the  molecular  core,  its  dipole  moment  is  taken  in  account  exactly. 

For  d.  c.  electric  field  we  use  Smirnov— Chibisov  method  [4],  moreover,  we  show  the 
connection  of  this  method  with  the  R-matrix  theory,  which  has  been  extensively  used 
recently  for  describing  the  interaction  of  atoms  with  powerful  laser  radiation  [5].  The 
approach  to  the  a.  c.  field  is  implemented  using  the  technique  proposed  in  Ref.  [6].  To 
find  the  asymptotic  constant  of  the  electron  wavefunction  in  quantum  defect  approxi¬ 
mation,  we  used  the  results  of  Ref.  [7]. 
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There  has  been  considerable  effort,  both  experimentally  and  theoretically,  devoted  to 
understanding  the  process  of  high  harmonic  generation.  Much  of  this  effort  has  been 
focused  on  understanding  the  existence  of  the  plateau  region,  and  the  position  of  the 
cutoff.  More  recently,  theoretical  work  has  attempted  to  predict  the  spectrd  structure  of 
the  harmonic  peaks,  in  order  to  better  understand  the  mechanism  of  high  harmonic 
generation.  In  this  work,  we  present  data  from  the  first  detailed  experimental  study  of  the 
fine  spectral  structure  of  high  harmonic  emission.  We  studied  the  harmonic  lineshapes  as 
a  function  of  pressure,  density  and  chirp,  using  25  fs  laser  excitation  pulses.  We  observed 
dramatic  changes  in  the  spectral  shapes  of  the  harmonic  peaks  as  these  experimental 
parameters  were  changed. 

There  are  many  difficulties  preventing  the  observation  of  fine  structure  in  the 
harmonic  peaks.  One  major  difficulty  is  that  the  laser  energy  can  fluctuate  from  shot  to 
shot,  which  washes  out  the  fine  structures  if  we  average  the  data,  because  the  spectral 
(blue)  shift  of  the  high  harmonics  is  very  sensitive  to  the  pulse  energy.  In  our  work,  \ve 
used  a  high-resolution  x-ray  spectrometer  (Hettrick  Scientific)  to  observe  the  harmonic 
emission.  The  spectrometer  has  a  flat-field  output,  and  allows  us  to  record  a  single-shot 
spectrum  of  the  high  harmonic  emission,  as  shown  in  Figure  1.  An  imaging  microchannel 
plate  (MCP)  x-ray  detector  is  used  to  record  the  data,  which  is  coupled  to  a  phosphor 
screen  and  a  CCD  camera  easy  readout. 


I 

Phosphor  Screen 


Figure  1:  Experimental  setup  for  single-shot  spectrum  recording. 


We  use  a  26  fs,  10  Hz  repetition  rate,  Ti:Sapphire  laser  in  our  experiments.  [1]  The 
laser  beam  is  focused  onto  an  argon  gas  jet,  produced  by  a  piezo-electrically  driven  gas 
nozzle.  The  spectrum  of  each  individual  harmonic  is  both  blue-shifted  and  broadened 
when  the  laser  energy  is  increased,  to  such  an  extent  that  the  spectra  of  adjacent 
harmonics  eventually  merge  and  form  a  continuum  spanning  the  soft-x-ray  region.  The 
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blue-shifting  and  broadening  of  the  25th  harmonic  of  argon  (the  right-hand-side  peak  is 
shown  in  Figure  2).  The  peak  on  the  right  is  the  24tii  harmonic.  Both  sides  of  the 
spectrum  are  artificially  cut  off  by  the  exit  slit. 


WAVELENGTH 

Figure  2:  Spectral  broadening  and  blue-shifting  of  the  25th  harmonic  in  argon. 

We  also  found  that  there  are  several  smaller  peaks  on  the  blue  (short  wavelength)  side  of 
each  individual  harmonic  in  the  mid-plateau  region.  The  side  peaks  of  the  29th  harmonic 
of  argon  are  shown  in  Figure  3.  The  left  pes^  is  part  of  the  31st  harmonic,  which  is 
artificially  cut  off  by  the  exit  slit.  To  determine  if  this  fine  structure  is  a  single-atom 
effect,  we  varied  the  gas  pressure,  and  observed  that  the  shape  was  insensitive  to 
decreases  in  pressure  down  to  <  10  torr. 

Using  a  3-D  quantum  mechanical  model,  we  found  that  the  mid-plateau  harmonics 
generated  by  a  very  short  (sub- 100  fs)  laser  pulse,  would  be  expected  to  display 
significant  spectral  structure.  These  effects  may  be  due  to  symmetry-breaking  by  the 
ultrafast  25  fs  rising  edge  of  our  excitation  pulses.  Other  theoretical  work  has 
demonstrated[2]  that  the  mid-plateau  harmonics  should  display  fine  structure  as  a  result 
of  the  two  possible  trajectories  that  a  given  energy  electron  may  have,  and  as  a  result  of 
secondary  re-encounters  of  the  electron  with  the  ion.  It  is  worth  noting  that  none  of  the 
above  theories  exactly  match  our  experimental  data.  However,  our  new  results  may  lead 
to  further  refining  of  the  theories  of  high  harmonic  emission. 

1.  J.  P.  Zhou,  C.  P.  Huang,  M.  M.  Mumane,  H.  C.  Kapteyn,  Opt.  Lett.  20, 64  (1995). 

2.  C.  Kan  et  al.,  Phys.  Rev.  A  52,  R4336  (1995). 
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Harmonic  generation  from  ultrafast,  ultra-intense  lasers  has  proven  to  be  an 
excellent  source  of  coherent  radiation  in  the  soft  x-ray  regime.  [1,2]  Our  recent  work[3,4] 
has  shown  that  very  short  driving  pulses  can  generate  broad  bandwidth  harmonic  peaks, 
which  are  tunable,  and  with  a  cut-off  at  wavelengths  substantially  shorter  than  harmonics 
produced  with  longer  duration  pulses.  In  this  work,  we  show  how  shaping  the  amplitude 
and  phase  of  our  laser  pulses,  to  ensure  faster  risetimes  and  and  optimal  shapes,  can 
enhance  the  efficiency  of  harmonic  generation,  as  well  as  extend  the  plateau  to  even  shorter 
wavelengths.  We  employ  novel  shaping  techniques,  using  birefringent  filters,  and  spectral 
shaping  elements,  to  produce  these  effects. 

Analytically,  it  is  easy  to  understand  how  a  birefringent  material  for  example  can 
shape  a  pulse.  Consider  the  initial  field  in  time  to  be  given  by  - 


E 


initial 


(t)  =  A(t)e‘“»‘x 


Consider  the  birefringent  material  to  be  a  multiple  order  wave  plate  oriented  with  the  slow 
axis  at  an  angle  0  widi  respect  to  the  x  axis.If  n  is  the  order  of  the  wave  plate,  the  fields  at 
the  output  of  the  wave  plate  are  given  by  - 

e;  (t)  =  A(t)e'“»‘  (x  cos  e  -H  y  sin  0) 

and 

E'  (t)  =  A(t  -b  (x  sin  9  -  y  cos  0) 

After  passing  through  the  final  polarizer  which  is  oriented  along  the  x  axis,  the  final  field  is 
given  by  - 

Efinai  (t)  =  [  A(t)  cos  0  -  A(t  -b  sin  0]e'““‘x 

For  small  n,  corresponding  to  time  separations  much  smaller  than  the  pulse  duration, 
almost  all  of  the  energy  is  sacrificed;  this  is  especially  true  for  zero  order  half  wave  plates 
(n=l).  When  0  is  45  degrees,  the  two  waves  have  the  same  amplitude  and  the  output  is  a 
symmetric  double  pulse  with  the  second  pulse  having  a  much  faster  rise  time  than  either 
pulse  alone  (see  Figure  la).  In  laboratory  experiments,  we  have  already  shown  that  faster 
risetimes  enhance  both  the  efficiency  of  harmonic  production  as  well  as  extend  the  plateau. 
Thus,  producing  faster  risetimes  is  very  desirable  (see  Figure  2).  However,  the  veiy  large 
prepulse  in  the  case  of  0  =  45  will  pre-ionize  the  atoms,  so  that  harmonic  generation  will 
only  occur  during  the  first  pulse.  The  rise  time  of  the  prepulse  is  very  close  to  that  for  either 
pulse  alone,  so  there  would  be  no  gain  in  harmonic  efficiency  or  quantity  for  this  case.  We 
wish  to  produce  a  shaped  pulse  which  has  a  modest  prepulse,  does  not  lose  too  much 
energy,  and  has  a  faster  rise  time  and  shorter  duration  than  the  original  pulse.  By  adjusting 
0  we  can  depress  the  prepulse  and  compromise  by  increasing  the  rise  time.  In  Figure  1  we 
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plot  the  final  field  intensity  envelope  for  several  combinations  of  n  and  0,  where  we  take 
A(t)  to  be  a  gaussian  envelope  with  a  FWHM  of  25  fs. 


Figure  1.  Birefringent  shaping  of  a  25  fs  gaussian  pulse 

The  fastest  risetimes  are  accompanied  by  the  greatest  energy  loss,  while  the  modest 
prepulse  can  always  be  obtained  for  a  given  n  by  adjusting  0.  Figure  (la)  shows  the  case 
for  n  =  5  and  0  =  45deg,  (lb)  shows  n  =  7  0  =  40deg,  (Ic)  shows  n  =  15  0  =  31deg,  and 
(Id)  shows  n  =  11  0  =  35deg,  where  the  x  axis  is  in  femtoseconds  and  the  y  axis  is 
normalized  to  the  peak  intensity  of  the  original  pulse.  For  n  less  than  11,  the  rise  time  is 
very  short  but  the  peak  intensity  is  below  10%  of  the  input.  For  values  of  n  greater  than  1 1, 
the  peak  intensity  can  approach  50%  of  the  input,  but  the  rise  times  approach  that  of  the 
original  pulse.  For  these  reasons  we  have  chosen  n  =  1 1  with  0  =  35  degrees  as  the 
optimum  settings.  This  combination  gives  an  output  with  25%  of  the  input  peak  intensity,  a 
10%  pre-pulse,  a  risetime  of  12  fs,  and  a  pulse  duration  of  21  fs. 

Other  methods  of  producing  and  using  shaped  pulses  for  enhanced  x-ray  generation  will 
also  be  presented. 

1.  A.  L'Huillier,  P.  Balcou,  Phys.  Rev.  Lett.  70,  774  (1993). 

2  J.  J.  Macklin,  J.  D.  Kmetec,  C.  L.  Gordon  III,  Phys.  Rev.  Lett.  70,  766  (1993). 

3.  J.  Zhou,  J.  Peatross,  M.M.  Murnane,  H.C.  Kapteyn,  I.P.  Christov,  Phys.  Rev.  Lett 

76,  752  (1996).  ^ 

4.  I.  P.  Christov,  J.  P.  Zhou,  J.  Peatross,  A.  Rundquist,  M.  M.  Murnane,  H.  C. 
Kapteyn,  Phys.  Rev.  Letter  77,  1743  (1996). 
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Figure  2:  (Top)  20  fs  Super-Gaussian  and  Gaussian  pulse  shapes  for  use  in  hamonic 
generation;  (Bottom)  Harmonic  emission  corresponding  to  the  two  pidses  above, 
illustrating  that  control  of  pulse  shape  can  signific^tly  increase  the  efficiency  of  high- 

harmonic  generation. 
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As  well  known,  solving  the  time-dependent  Schrodinger  equation  allows  an  accurate  non 
pertubative  description  for  the  interaction  between  an  intense  optical  field  and  an  electron  in  a 
potential  [1]. 

In  this  work,  we  apply  this  method  to  the  case  of  a  linear  chain  of  atoms  which  mimics  the 
periodic  potential  «  seen  »  by  a  test  electron  in  a  quasi-free  electron  metal.  This  «  crystal  »  potential  is 
built  as  a  series  of  screened  coulombic  potentials.  Outside  the  «  crystal  »,  the  potential  is  constant  and 
adjusted  in  order  to  reproduce  the  work  function  of  the  metal  considered.  After  diagonalization  we 
obtain  well  known  band  structures  with  characteristic  gaps  at  the  end  of  each  one  dimensional 
Brillouin  zones  (figure  1).  For  eigenstates  below  the  vacuum  level,  we  obtain  typical  Bloch  functions 
extending  in  the  whole  «  crystal  ».  Above  the  vacuum  level,  we  find,  as  normal,  that,  the  electron  has 
a  larger  probability  to  be  outside  the  «  crystal  ». 


eigenstate  number 


Figl  :  Eigenvalues  corresponding  to  the  potential  in  the  inset..  Efi  Fermi  level  location,  Ws  : 
vacuum  level,  to  :  photon  energy 

The  laser  is  supposed  to  impinge  on  the  chain  at  grazing  incidence  and  the  electric  field  is 
parallel  to  the  chain.  The  electric  field  is,  in  the  case  of  metallic  reflection,  space  dependent  ;  constant 
in  vacuum  and  damped  on  a  length  taken  equal  to  the  skin  depth  inside  the  chain.  In  this  framework, 
the  notion  of  «  surface  »  appears  naturally  because  the  laser  irradiates  only  one  side  of  the  chain.  This 
has  some  important  consequences  especially  on  the  harmonic  spectra  because,  despite  of  fact  that  we 
are  dealing  with  a  fully  centro-symetric  static  potential,  the  electric  field  introduces  a  non  symmetric 


Electron  count  (arb.  units) 
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component  in  the  (time-dependent)  wave-function,  allowing  for  the  observation  of  odd  and  even 
harmonics.  As  well  known,  this  is  not  the  case  in  atoms. 

In  order  to  simulate  the  interaction  properly,  we  must  take  into  account  the  fact  that  only  the 
eigenstates  between  the  Fermi  level  and  the  Fermi  level  minus  the  energy  of  the  photon  must  be 
propagated.  In  that  case,  only  transitions  between  unoccupied  states  take  place  and  this  accounts  for 
the  Pauli  exclusion  principle.  On  the  other  hand,  because  we  adopt  a  one-electron  potential  model,  we 
must  sum  the  contributions  from  each  level  in  an  incoherent  way  for  electron  as  well  as  harmonics 
spectra. 

We  present  now  a  few  examples  of  calculations  which  have  been  performed  for  1.55  eV 
photons  and  24  optical  cycles.  The  width  of  the  (trapezoidal)  laser  pulse  is  in  that  case  of  the  order  of 
50  fs.  The  calculation  is  performed  for  a  chain  of  200  unit  potentials  which  represents  an 
improvement  compared  to  the  calculation  of  reference  [2]  (50  atoms  and  16  optical  cycles).  Below  the 
vacuum  level,  the  spacing  between  two  successive  levels  is  inversely  proportional  to  the  number  of 
atoms  included  in  the  calculation.  Around  the  Fermi  level,  this  spacing  is  of  the  order  of  50  meV.  This 
is,  of  course,  considerably  larger  than  for  a  real  metal,  but,  considering  the  energy  broadening  of  the 
laser  pulse,  this  is  enough  to  consider  that  each  transition  presents  a  quasi-resonant  character.  Under 
these  conditions,  we  propagate  up  to  26  eigenstates.  The  skin  depth  is  for  Aluminum  and  for  1,55  eV 
photons,  of  the  order  of  100  atomic  units. 

We  present  in  figure  2  (a,b),  electron  spectra  for  two  laser  intensities.  For  1=1x10“’  W/cm^, 
we  note  that  the  width  of  the  spectrum  is  less  than  the  photon  energy  showing  that  only  levels 
requiring  a  minimum  number  of  photons  (3  in  our  conditions)  to  overcome  the  4.2  eV  corresponding 
to  the  work  function  contribute  to  the  photo-current.  For  1=5x1 0"  W/cm^  we  note  that  the  spectrum 
is  «  hotter  »  because  it  involves  a  small  contribution  from  deeper  states  (4  photons  needed  to  reach  the 
vacuum  for  levels  around  Ef-co)  and  a  high  energy  contribution  from  Fermi  electrons  having  absorbed 
4  photons. 


Figure  2  :  electron  spectra  for  For  I=lxl0'°  W/cm^  and  For  I=5xl0"  W/cm^ 

We  present  also,  in  figure  3  (a,b,c),  the  harmonic  spectra  obtained  for  three  intensities. 


Figure  3  :  harmonics  spectra  for  For  I=lxl0“’ W/cm^,  5xl0"  W/cm"  and  IxIO'^W/cm^ 
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We  observe  well  resolved  harmonic  spectra  through  the  whole  range  of  intensities  explored.  In 
particular,  for  I=lxlO'’  W/cm^,  we  note  a  «  double  plateau  »  structure  which  was  already  present  in 
the  50  atoms  calculation  where  the  harmonic  structure  was  barely  visible. 

Figure  4  shows  the  dependence  of  the  total  current  on  the  laser  intensity.  Below,  I=lxlO'^ 
W/cm^,  the  log-log  plot  shows  a  lowest  order  perturbative  behavior,  the  slope  being  equal  to  3. 
However,  we  observe  a  saturation  of  the  current  for  higher  intensities.  This  is  due  to  two 
important  and  intricate  points:  the  first  one  is  that  for  such  intensities,  the  initial  population  is 
depleted  (we  will  come  back  to  this  point)  and,  the  second  is  that  we  have  reached  the  so-called 
Keldysh  regime.  The  Keldysh  parameter  (ratio  of  the  time  necessary  for  an  electron  to  tunnel  trough 
the  barrier  over  the  half  optical  period)  is  equal  to  0.2.  This  regime  appears  earlier  than  in  an  atom  for 
two  main  reasons  ;  the  electron  velocity  around  the  Fermi  energy  (12  eV)  is  high  and  the  work 
function  (i.e.  the  analog  of  the  ionization  potential)  is  low  (4.2  eV). 


Figure  4  :  Total  ionization  rate  as  a  function  of  the  laser  intensity.  The  slope  of  the  straight 
line  is  equal  to  3. 

The  model  presented  above  has  the  advantage  of  simplicity.  However,  many  improvements 
are  needed  if  we  want  to  perform  more  accurate  simulations  of  the  interaction  of  a  laser  beam  with  a 
metal.  Pragmatically,  two  of  them  can  be  added  :  in  a  metal,  the  life-time  of  an  electron  hole  pair  close 
to  the  Fermi  level  is  in  general  very  short  compared  to  the  laser  pulse  duration.  That  means  that  during 
all  the  interaction,  the  propagated  levels  are  never  depopulated.  This  is  not  the  case  here,  especially  in 
high  intensity  limit.  This  can  strongly  influence  the  conclusions  on  the  «  Keldysh  regime  ».  On  the 
other  hand,  the  role  of  the  lattice  vibrations  is  very  important  because  the  associated  phonons  can 
supply  momentum  to  the  electron  during  transitions  and  thus  probably  increase  the  total  photocurrent. 


[1]  Kulander  K.,  Schafer  K.and  Krause  L.,  Atoms  in  Intense  Laser  Fields,  (Gavrila  M.  ed) 
Academic  press,  San  Diego,  1992 

[2]  P.  Martin,  J.Phys.B  :  At.  Mol.  Opt.  Phys,  29,  L635,  1996. 
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The  determination  of  the  duration  of  visible  or  near-infrared  optical  pulses  with 
subpicosecond  duration  has  become  a  routine  operation  in  ultrafast  time-resolved  spectroscopy. 
Several  experimental  methods  have  been  demonstrated,  which  all  rely  on  the  same  principle, 
transforming  a  time  measurement  requiring  an  ultrafast  detector  into  a  length  measurement 
using  a  slow  detector  [1].  By  far  the  most  commonly  used  technique  is  the  measurement  of  the 
sum  frequency  radiation  which  yields  the  autocorrelation  of  the  pulse  from  which  the  pulse 
duration  is  extracted,  assuming  the  pulse  timeshape  known.  Recently,  more  sophisticated 
methods  have  been  developed  to  obtain  more  precise  knowledge  of  the  pulse  characteristics, 
such  as  its  phase  and  amplitude  [2-3].  However,  to  extend  such  measurements  to  the  ultraviolet 
(UV)  domain  is  a  nontrivial  task  [4-5],  for  instance  because  of  phase-matching  or  group 
velocity  dispersion  issues. 

We  present  an  approach  based  on  the  same  general  principles,  which  has  the  advantage  that 
it  can  be  easily  implemented  in  the  UV  (and  in  principle  in  the  far  UV  as  well).  It  is  based  on 
spectral  analysis  following  cross  phase  modulation.  Since  the  non-linear  process  is  described 
by  a  symmetric  term  of  the  third-order  non-linear  susceptibility  tensor,  it  does  not  require 
frequency  up-conversion  nor  any  phase-matching  conditions. 

The  principle  of  the  method  is  shown  in  figure  1.  The  pulse  to  be  analysed  is 
divided  in  two  parts:  the  pump  beam  containing  most  of  the  energy  and  a  weak  probe  beam. 
After  passing  one  of  the  beams  through  an  optical  delay,  both  beams  are  made  to  overlap  in  a 
common  region  of  a  non-linear  sample.  The  sample  consists  of  any  transparent, 
centrosymmetric  medium  with  instantaneous  Kerr  response,  here  a  thin  plate  of  fused  silica. 


variable  delay 


Ti:Al203 
30  mJ,  1 50rs 

Figure  1:  Principle  of  experimental  set-up.  M:  mirrors. 

The  spectrum  of  the  probe  beam  is  then  recorded  in  the  presence  of  the  pump  beam  as  a 
function  of  time  delay  between  pump  and  probe.  The  pump  pulse  induces  a  change  of  the  probe 
spectrum,  which  is  a  sensitive  function  of  the  time  delay  during  the  pulse  overlap.  As  we  show 
now,  by  simply  recording  the  change  in  the  centre  of  gravity  of  the  probe  beam  spectrum,  the 
derivative  of  the  autocorrelation  function  is  directly  obtained. 
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J  v\F{v,xfdv 

The  centre  of  gravity  of  the  probe  spectrum  is  given  by:  g(T)  =  ; - (1),  where  T 

J  |F(v,t)|  dv 

is  the  delay  between  the  pulses,  v  is  the  frequency  and  F(v,t)  the  Fourier  transform  of  the 
probe  beam  complex  electric  field  in  the  time  domain.  Noting  that  the  denominator  in  (1)  is  the 

energy  of  the  laser  E  and  integrating  by  parts,  one  finds  that  g(T)-go  is  proportional  to  the 

• ,  X  ,  ^  2nzn^  dA{x) 

derivative  of  the  autocorrelation  function  A(t):  g{x)  -  go  -  - 1 —  (2)  where  go=g(x=0), 

aE  dx 

X  is  the  laser  central  wavelength,  n2  the  sample's  non-linear  index  and  z  its  thickness. 

To  test  the  method  we  have  performed  two  experiments,  the  first  with  near  IR  and 
visible  optical  pulses  already  well  characterised  by  other  standard  techniques,  the  second  with 
UV  pulses  obtained  by  harmonic  generation,  for  which  the  results  could  be  compared  to 
predictions  since  the  pulse  duration  at  the  fundamental  frequency  was  known. 

We  first  used  a  Ti:sapphire  oscillator-amplifier  providing  up  to  30  mJ  in  about  150 
femtoseconds  at  800  nm  and  an  amplified  CPM  dye  laser  working  at  615  nm  with  an  energy  of 
2  mJ  per  pulse  and  pulse  durations  as  short  as  80  femtoseconds.  Experimental  spectra  in  figure 
2a  (figure  2b)  show  very  clearly  that  red  (blue)  components  are  added  to  the  spectrum  when  the 
pump  intensity  increases  (decreases)  with  time.  The  data  were  fitted  to  equation  (2)  using  a 
Levenberg-Marquardt  method.  As.suming  a  pulse  shape  of  the  (sech)2  form,  we  obtain  a  pulse 
duration  tpwHM  (full  width  at  half  maximum)  of  139  femtoseconds  for  the  Ti:sapphire  and  196 
femtoseconds  for  the  dye  laser  (showing  significant  residual  chirp)  in  good  agreement  with  a 
characterisation  of  the  same  lasers  by  autocorrelation  via  second-harmonic  generation  or  via  the 
ENSTA  method  [3]. 


Wavelength  (nm) 

Figure  2:  Experimental  spectra  of  the  probe  beam  from  the  Ti:  sapphire  cltain  at  different  time 
delays,  without  the  pump  beam  (solid  line)  and  in  presence  of  the  pump  beam  (dashed  line). 

(a)  x=-100 fs.  g(x)-go=3.9  nm.  (b)  x=ll7 fs.  g(x)-go=-3.0  nm. 


For  the  second  series  of  experiments,  the  same  laser  is  u.sed  together  with  a  KDP  crystal  (100 

|xm  thickness)  to  generate  harmonic  pulses  at  307  nm.  An  energy  per  pulse  of  10  jil  was 
obtained  in  the  UV.  Figure  3  displays  the  shift  of  the  centre  of  gravity  of  the  probe  spectrum  as 
a  function  of  time  delay.  Each  point  of  the  curve  corresponds  to  an  average  over  twenty  shots 
within  a  predetermined  window  (±10%)  of  the  pump  and  probe  pulse  energies.  The  obtained 
pulse  duration  (126  femtoseconds)  is  in  good  agreement  with  what  is  derived  from  the 
fundamental  pulsewidth. 
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Figure  3:  Change  of  the  centre  of  gravity  of  the  probe  spectrum  at  307  nm  as  a  function  of  time 
delay  between  pump  and  probe  in  3  mm  of  fused  silica  (Suprasil).  The  full  line  is  a  fit  assuming 
an  (sechp  pulse  shape,  the  retrieved  pulse  duration  is  126  femtoseconds. 

One  could  extend  this  method  further  in  the  UV  to  vacuum-ultraviolet  (VUV)  domain  by 
using,  for  example,  a  cell  filled  with  gas  (Xenon)  as  the  non-linear  sample.  The  lower  non¬ 
linear  index  n2  in  gases,  due  to  the  lower  density  of  the  medium,  can  be  compensated  for,  to 
some  extent,  by  a  long  interaction  length  since  the  dispersion  is  small. 

In  conclusion,  we  have  demonstrated  a  general  method  for  measuring  the  derivative  of 
the  autocorrelation  function  of  a  femtosecond  pulse  which  is  valid  from  the  near-infrared  to  the 
ultraviolet. 
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High-order  harmonics  as  a  potential  source  of  coherent  XUV  have  resulted 
in  extensive  studies  of  this  effect.  One  of  the  limitations  to  the  efficiency  of  the 
generation  process  is  the  phase  shift  occurring  at  the  focus  of  a  gaussian  beam 
(Goyd  factor)  [1].  This  can  be  minimized  by  using  long  focal  length  and  setting 
the  atomic  jet  either  before  or  after  the  focus.  Self-guided  beams  are  an  attractive 
alternative  to  focused  beams  since  they  can,  in  principle,  be  made  intense  enough 
while  their  phase  front  remains  flat  in  the  high  intensity  region.  This  is  because 
the  curvatures  of  the  wavefront  due  to  diffraction  and  the  Kerr  effect  compensate 
each  other. 

In  this  contribution  we  report  on  the  generation  of  harmonics  in  Xenon  up  to 
the  15th  order  by  a  self-guided  optical  filament  generated  in  air  by  120  fs  laser 
pulses  of  0.9  mJ  per  pulse  (in  the  filament). 

The  laser  pulse  from  a  Ti:Sapphire  CPA  la.ser  is  focused  into  air  and  leads  to 
a  self-guided  beam  of  a  diameter  of  about  300  fj,m  [2].  A  coupling  efficiency  of 
about  15%  from  the  initial  beam  into  the  filament  leads  to  intensities  of  about 
10^^  W /cm“^  in  the  filament.  The  harmonics  are  generated  in  a  gas  cell  of  variable 
length  filled  with  Xenon  at  variable  pressure  and  detected  through  photoioniza¬ 
tion  of  a  target  gas.  The  photoelectron  are  produced  and  analyzed  in  a  magnetic 
bottle  spectrometer  [3]. 

The  length  of  the  cell  has  been  varied  from  5  to  20  mm  and  the  xenon  pres¬ 
sure  from  1  10“^  to  5  10”^  bar  while  monotoring  the  harmonics  spectrum.  The 
observed  cutoff  is  consistent  with  the  maximum  intensity  in  the  filament  (5  10^^ 
W/cm“^).  In  an  estimation  the  number  of  generated  photons  for  a  cell  length  of 
20  mm  is  increased  by  a  factor  of  10  with  respect  to  the  usual  thickness  in  jets  (1 
mm)  for  optimized  pressures  of  Xenon  in  both  the  lense  and  filament  cases.  For  a 
given  length,  there  is  an  optimum  gas  pressure.  Fig.  1  shows  a  typical  spectrum 
and  the  observed  dependence  on  the  cell  length  for  a  constant  pressure.  The  ob¬ 
servations  are  compared  to  the  results  of  numerical  simulations  using  propagation 
codes  which  solve  the  wave  equations  through  a  finite  difference  scheme:  for  the 
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self-guided  beam  we  take  into  account  diffraction,  the  Kerr  effect  and  a  simple 
ionisation  model  [4]  while  ionization  is  included  in  the  harmonic  generation  code 
[5], 


Fig.  1 :  Spectrum  of  Higher  Harmonics  Generated 
in  Xenon 


Fig.  2 :  Increase  of  electron  numbers  per  shot  cls  a  function 
of  the  length  of  the  Xenon  gas  cell 
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We  recently  reported^  a  -0.1%  efficiency  for  converting  800nm,  25fs  laser  pulses  into  the 
third  harmonic  at  267nm  by  simply  focusing  ImJ  pulses  in  air  or  in  other  gases  such  as  argon. 
Most  importantly,  the  UV  pulses  were  measured  to  be  very  short  in  duration  (~16fs).  For  our 
laser  conditions,  we  found  third  harmonic  conversion  to  be  most  efficient  when  focusing  with  a 
relatively  loose  geometry  (f/30-f/40).  During  the  interaction,  a  plasma  is  produced  in  the  focus, 
and  the  laser  beam  undergoes  blueshifting  and  spatial  distortions  as  ionization  of  the  gas  takes 
place. 2-4  The  goal  of  the  present  work  is  to  gain  insight  into  this  complex  interaction  (i.e. 
propagation  and  distortion  of  the  fundamental  as  well  as  the  generation  and  propagation  of  third 
harmonic  light)  via  a  study  of  the  spectral  and  spatial  properties  of  the  emerging  light. 

We  present  spatially  and  spectrally  resolved  measurements  of  light  emerging  from  the 
focus.  The  spectral-spatial  maps  were  recorded  for  various  pressures  and  pulse  energies  in  argon 
and  air.  These  are  the  first  measurements  of  this  type.  The  experiments  indicate  that  the  optimal 
spatial  quality  of  the  third-harmonic  beam  occurs  at  the  pressure  and  laser  intensity  for  which  the 
highest  conversion  efficiency  takes  place.  ^ 

S.  C.  Rae^>^  performed  two-dimensional  calculations  of  a  Ips  pulse  interacting  with 
argon  gas  under  tight  focusing  conditions  (f/5  optics).  He  produced  spectral-spatial  maps  of  the 
emerging  laser  light  similar  to  those  that  we  have  obtained  experimentally  and  present  in  this 
paper.  However,  our  results  cannot  be  compared  directly  with  the  calculations  of  Rae  because 
we  used  a  much  shorter  pulse  duration  and  larger  f-number.  Also,  for  our  25fs  pulses,  the  slowly 
varying  pulse  envelope  approximation  that  he  used  is  no  longer  valid.  In  addition,  we  produced 
spectral  maps  for  third  harmonic  light,  and  this  is  outside  of  the  frame  work  of  his  model. 

Experimental  Setup 

The  quality  of  the  laser  spatial  profile  is  of  particular  importance  in  our  experiments 
because  small  distortions  in  the  laser  profile  can  translate  into  severe  azimuthal  asymmetries  in 
the  spatial  structure  of  the  radiation  emerging  from  the  interaction  region.  To  be  able  to  interpret 
meaningfully  the  spatial  structures  of  the  emerging  radiation,  it  is  necessary  to  achieve  a  very 
clean  and  well  characterized  beam.  The  degree  to  which  the  emerging  radiation  shows 
cylindrical  symmetry  is  a  good  indication  of  whether  this  is  achieved.  With  this  aim,  we 
spatially  filtered  the  beam  of  a  2-TW  Ti:Sapphire  system  (800nm),2  at  the  expense  of  the 
majority  of  the  pulse  energy.  Under  vacuum,  the  12mm  beam  was  clipped  by  a  4mm  hard 
circular  aperture  and  then  focused  through  a  pinhole.  The  beam  was  then  refocused  with  an  f- 
number  of  -40  inside  a  backfilled  chamber. 

The  beam  profile  was  measured  to  focus  to  within  about  6%  of  the  theoretical  diffraction 
limit.  The  pulse  duration  was  measured  by  autocorrelation  to  be  in  the  range  of  25-30fs.  The 
energy  delivered  into  the  gas  cell  was  varied  up  to  about  ImJ,  with  an  uncertainty  of  about  20%. 
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Under  vacuum,  ImJ  corresponds  to  a  peak  intensity  in  the  focus  of  about  5x10^^  W/cm^,  or 
about  20  times  above  that  necessary  to  ionize  Ar.^ 
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Figure  1.  The  (a)  fundamental  and  (b)  third  harmonic  spectra  plotted  against  beam  radial  position  for 
various  pulse  energies  focused  in  1000  Torr  of  argon.  Position  is  expressed  in  units  of  l/e^2-intensity 
radius  of  the  beam  when  the  gas  cell  is  evacuated.  The  brightness  of  the  images  should  not  be  compared 
from  frame  to  frame. 

Spatial-Spectral  Measurements 

We  positioned  a  spectrometer  in  the  far-field  of  the  beam  exiting  the  gas  cell.  The  slit  of 
the  spectrometer  sampled  a  narrow  strip  of  light  through  the  center  of  the  beam,  and  this  light 
was  spectrally  resolved  in  the  orthogonal  dimension.  Using  this  setup,  we  recorded  spectral- 
spatial  maps  of  the  emerging  light  as  a  function  of  pulse  energy  and  pressure  in  the  gas  cell. 
Figure  1(a)  shows  a  series  of  maps  near  the  fundamental  wavelength  (800nm)  captured  when 
laser  pulses  of  various  energies  are  focused  in  a  cell  back-filled  with  1000  Torr  of  argon.  Figure 
1(b)  shows  a  similar  series  of  maps  for  wavelengths  near  the  third  harmonic  (267nm).  Each 
frame  records  an  individual  laser  shot. 

Both  the  fundamental  and  third  harmonic  maps  show  a  general  trend  of  increasing 
complexity  from  lower  to  higher  pulse  energy.  At  the  lowest  pulse  energy,  O.lmJ,  the  nominal 
peak  intensity  in  vacuum  is  about  5x10^'^  W/cm^,  a  factor  of  two  above  onset  of  ionization.^l 
Below  this  energy,  the  third  harmonic  signal  quickly  diminished,  making  it  difficult  to  detect 
with  our  instrument.  Not  indicated  by  the  figure,  the  peak  brightness  (not  integrated  energy)  of 
the  third  harmonic  map  for  the  O.lmJ  case  is  more  than  an  order  of  magnitude  below  that  of  the 
O.lSmJ  case.  Above  this  value,  the  peak  brightness  in  the  third  harmonic  map  continues  to 
increase  from  frame  to  frame,  but  only  by  an  additional  factor  of  5  by  the  final  frame  (0.9mJ). 

The  map  of  the  fundamental  beam  at  a  pulse  energy  of  0.  ImJ  is  very  similar  to  the  case  of 
focusing  in  vacuum.  However,  as  the  pulse  energy  is  increased,  the  beam  undergoes  significant 
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distortions  as  parts  of  the  fundamental  beam  are  blue-shifted.  Perhaps  the  most  striking  feature 
within  the  maps  of  the  fundamental  wavelength  is  a  well  defined  ring  of  blueshifted  light  which 
develops  at  the  highest  intensities. 

Similar  maps  were  generated  for  different  pressures  at  fixed  pulse  energy.  The  efficiency 
of  converting  the  fundamental  into  the  third  harmonic  was  observed  to  be  highest  (0.15%)  in 
argon  at  a  pressure  in  the  range  of  -SOOTorr.^  The  spatial  measurements  revealed  that  this 
pressure  range  also  yields  a  well  behaved  Gaussian-like  third  harmonic  beam  profile. 

Similar  spectral-spatial  maps  were  obtained  using  air.  Although  there  are  many 
distinctions,  the  results  have  many  traits  in  common  with  those  obtained  with  argon.  This 
suggests  that  much  of  the  physics  involved  in  the  interaction  process  is  species-independent.  The 
efficiency  of  converting  fundamental  light  into  the  third  harmonic  in  air  was  generally  measured 
to  be  about  half  of  that  in  argon. 

Discussion 

It  appears  that  the  onset  of  ionization  in  the  focus  is  linked  to  the  strong  emission  of  third 
harmonic.  Whether  the  act  of  ionization  is  linked  directly  with  the  bulk  of  the  third  harmonic 
emission  or  whether  ionization  plays  an  indirect  role  through  the  breaking  of  disadvantageous 
phase-matching  symmetries  is  unknown.  Nevertheless,  we  found  that  20%  of  the  initial  beam 
energy  is  unaccounted  for  in  the  light  emerging  after  the  focus.  In  fact,  if  the  laser  were  to  focus 
in  the  manner  that  it  does  in  a  vacuum,  there  would  be  insufficient  energy  in  the  pulse  to  remove 
one  electron  per  atom  in  the  volume  wherein  the  intensity  reaches  the  ionization  threshold. 

An  interesting  feature  of  the  data  at  high  intensity  and  pressure  is  the  development  of  a 
strongly  blueshifted  ring  in  the  fundamental  spectral  map.  The  blueshifting  presumably  arises 
from  rapid  ionization  in  the  focus. 2-4  We  have  calculated  using  Fresnel  diffraction  the  field 
pattern  necessary  to  create  such  a  ring  structure  in  the  far  field,  assuming  that  the  light  originates 
from  a  plane  at  or  near  the  focus.  Under  this  scenario,  the  calculation  indicates  that  the  pattern 
comes  from  a  spot  surrounded  by  rings  of  alternating  phase.  The  direct  occurrence  of  this 
specialized  pattern  in  the  focus  seems  unlikely.  An  emission  pattern  which  begins  already  in  the 
form  of  a  ring  seems  more  plausible  since  a  cylinder  of  plasma  is  formed  in  the  focus.  However, 
a  ring  near  the  focus  does  not  transform  into  a  ring  pattern  in  the  far  field,  assuming  azimuthally 
uniform  phase.  A  ring  structure  can  be  preserved,  however,  if  the  emission  originates  from  a 
plane  several  Rayleigh  ranges  after  or  before  the  focus  (or  an  effective  focus). 

These  measurements  are  the  first  of  this  type  and  are  performed  with  a  laser  beam  of 
exceptional  spatial  quality.  In  addition,  the  extreme  shortness  of  the  laser  pulse  duration 
provides  a  unique  regime  for  this  type  of  experiment,  where  standard  slowly  varying  envelope 
approximations  are  questionable.  The  process  of  focusing  an  intense  laser  into  a  gas  cell  is 
complicated,  and  these  measurements  may  be  useful  for  comparisons  with  numerical  simulations 
which  often  employ  simplifying  approximations.  We  are  working  on  such  calculations  and  plan 
to  report  on  them  in  the  future. 
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Recently,  high-order  harmonic  generation  has  attracted  considerable  interest  for  the 
possibility  of  generating  ultrashort  XUV  pulses.  With  the  advent  of  intense  lasers  that  produce 
pulses  of  duration  a  few  tens  of  fs,  harmonic  pulses  of  duration  below  1 0  fs  can  be  generated. 
To  pass  the  limit  of  the  (optical)  fundamental  period,  different  schemes  have  been  proposed. 
Antoine  et  al  [1]  showed  that  propagation  in  the  macroscopic  medium  could  lead  to  a  phase 
locking  of  the  different  harmonics,  resulting  in  emission  of  a  train  of  attosecond  pulses. 
Corkum  et  al.  [2]  proposed  to  use  the  extreme  sensitivity  of  the  harmonic  efficiency  on  the 
polarization  of  the  fundamental  field  to  "extract"  a  single  pulse  from  such  a  train. 

Another  scheme,  due  to  Schafer  and  Kulander  [3],  involves  the  phase  characteristics  of 
harmonics  generated  by  an  ultrafast  pump  laser.  By  numerically  integrating  the  time-dependent 
Schrodinger  equation,  they  observe  that  harmonics  located  in  the  cutoff  region  of  the  spectrum 
exhibit  a  very  regular  phase  that  depends  quadratically  on  time.  This  linear  chirp  can  be 
compensated  for  with  a  grating  pair  leading  to  "compressed"  harmonics  of  duration  less  than 
one  period  of  the  fundamental.  This  peculiar  behaviour  is  attributed  to  the  rapid  change  of  the 
intensity  during  the  pulse  which  makes  a  non  negligible  variation  over  one  optical  period.  On 
the  rising  edge  of  the  pulse,  the  electron  in  the  continuum  experiences  an  additional 
acceleration  before  returning  to  the  parent  ion,  which  leads  to  a  blueshift  of  the  generated 
harmonic  field.  Similarly,  the  falling  edge  of  the  pulse  is  associated  to  a  harmonic  redshift. 

The  different  schemes  mentioned  above  will  be  discussed.  In  particular,  the  question  of 
adiabaticity/non  adiabaticity  of  these  phenomena  will  be  addressed.  We  show  that  a  quadratic 
temporal  dependence  of  the  phase  is  consistent  with  an  adiabatic  assumption,  for  which  the  full 
response  is  simply  given  by  the  integration  of  the  instantaneous  response  over  time.  Indeed,  the 
intrinsic  phase  of  the  harmonic  dipole  moment  is  related  to  the  action  acquired  by  the  electron 
on  its  trajectory  in  the  continuum,  and  thus  depends  on  the  fundamental  intensity  [4].  For  the 
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emitted  harmonic  field,  this  results  in  a  phase  modulation  which  becomes  more  important  as 
the  laser  pulse  is  shorter. 

This  effect  in  time  has  also  consequences  in  space:  due  to  the  radial  distribution  of 
intensity  in  the  laser  focus,  the  harmonic  emission  phase  front  is  curved,  resulting  in  a 
divergence  bigger  than  the  one  predicted  by  perturbation  theory.  Another  important  effect  due 
to  the  temporal  distribution  of  intensity  is  that  the  phase  front  curvature  changes  in  time.  The 
correlation  in  time  of  the  electric  fields  in  two  points  (taken  non-symmetrically)  in  the 
harmonic  beam  is  thus  degraded.  In  other  words,  the  harmonic  beam  is  not  fully  spatially 
coherent  and  presents  a  finite  coherence  length.  Ionization  is  an  additionnal  cause  of  distorsion 
of  the  spatial  coherence.  We  will  present  the  results  of  our  extensive  simulations  of  the  degree 
of  coherence  of  the  harmonic  beam  generated  in  different  experimental  conditions. 
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Though  a  vast  number  of  studies  have  been  conducted  on  the  various  properties  of 
intense  field  high  order  harmonic  radiation,  there  have  been  no  studies  of  the  actual  spatial 
coherence  of  optical  harmonics  at  short  wavelengths  (<  1000  A).  Measurements  of 
harmonic  far  field  profiles  have  suggested  that  the  harmonics  exhibited  high  coherence 
[1,2,3],  but  harmonic  profile  measurements  alone  are  inadequate  in  determining  the  spatial 
coherence  of  the  harmonic  beam  [4],  To  address  this  aspect  of  the  harmonic  generation, 
we  have  conducted  a  series  of  two-slit  interference  measurements  on  harmonics  in  the  270 
A  to  480  A  range  to  determine  unambiguously  their  spatial  coherence  properties. 

For  the  majority  of  the  measurements,  we  studied  the  coherence  of  harmonics 
produced  in  a  helium  gas  jet  by  a  frequency  doubled,  Nd:glass,  chirped  pulse  amplification 
laser  (ko  =  527  nm).  Previous  studies  have  indicated  that  this  configuration  yields  good 
conversion  efficiency  into  harmonic  energy  in  the  soft  x-ray  region  below  500  A  [5],  The 
laser,  which  had  a  pulse  width  of  2  ps,  was  focused  with  an  f  =  75  cm  lens  into  the  output 
of  a  solenoid  valve  gas  jet.  The  Gaussian  spatial  profile  of  the  laser  beam  was  apertured 
to  a  diameter  of  1 .5  cm  before  the  lens.  Up  to  140  mJ  of  527  nm  light  was  focused  into 
the  jet  yielding  a  peak  intensity  of  up  to  7  x  10^^  W/cm^,  well  above  the  ionization 
saturation  intensity  of  He. 

The  slit  pairs  for  measuring  the  spatial  coherence  were  placed  5  cm  from  the  gas 
jet.  Spatial  scans  of  a  single  slit  at  this  position  indicate  that  the  harmonics  have  a  spatial 
width  of  roughly  200  pm.  The  harmonics  were  spectrally  resolved  in  one  dimension;  the 
fnnge  pattern  on  each  harmonic  could  then  be  observed  in  the  other  dimension.  The 
harmonics  were  detected  with  a  dual  Csl  coated  micro-channel  plate  detector  located  180 
cm  away  from  the  slits.  The  slits  were  laser  drilled  in  20  pm  thick  Ti.  Each  slit  had  a 
width  of  roughly  8  ±1  pm,  and  slit-spacings  of  between  27  and  100  pm  were  used. 
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Figure  1:  Interference  fringes  of  the  11th  harmonic  of  527  nm  light  generated  in  helium 
from  two  slits  separated  by  50  i^m.  The  images  above  the  lineouts  show  the 
raw  data  containing  the  interference  pattern. 


Typical  data  generated  from  a  slit  pair  with  a  spacing  of  50  |im  is  shown  in  figure 
1.  Here  the  interference  fnnges  of  the  1 1th  harmonic  of  the  527  nm  light  =  479  A) 

produced  in  a  helium  jet  backed  by  800  psi  of  pressure  are  shown  at  two  intensities.  As 
can  be  seen  here,  the  fiinge  visibility,  which  is  a  measure  of  the  light’s  coherence  and  is 
defined  as  ;/  =  (/^  -  /^) /(/^  +  /^)  [4],  is  very  good.  When  the  harmonic  is 
generated  with  a  peak  intensity  below  the  saturation  intensity  in  helium,  the  fiinge  pattern, 
shown  in  figure  la,  exhibits  a  visibility  that  is  ~  0.8,  indicative  of  near  perfect  coherence 
over  the  spacing  of  the  slit  pair.  At  an  intensity  above  ionization  saturation,  the  fiinge 
pattern,  shown  in  figure  lb,  exhibits  a  somewhat  lower  visibility,  ~  0.5.  We  believe  that 
this  degradation  in  the  harmonic’s  coherence  is  the  result  of  free  electron  production  by 
tunnel  ionization  during  the  harmonic  generation  process.  We  observe  this  coherence 
degradation  on  all  the  harmonics  we  studied,  out  to  the  19th  harmonic  (Xq=ii  =  277  A). 

Despite  the  deleterious  effects  of  ionization,  we  find  that  the  harmonics  can  be 
produced  at  high  intensity  and  good  conversion  efficiency  with  good  spatial  coherence.  In 
fact,  the  observed  spatial  coherence  of  the  soft  x-ray  harmonics  is  substantially  superior  to 
the  spatial  coherence  of  collisionally  pumped  x-ray  lasers.  We  find,  for  example,  that  the 
effective  size  of  a  thermal  source  with  the  same  coherence  as  that  measured  for  the 
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harmonics  with  wavelength  110  -  400  A  is  <  10  jxm,  smaller  than  the  laser  focal  spot  size 
(60  pm)  and  significantly  smaller  that  the  measured  effective  source  size  of  x-ray  lasers 
which  typically  exhibit  an  effective  coherence  source  size  of  >  100  pm  [6],  Consequently, 
our  measurements  indicate  that  the  high  order  harmonics  represent  a  source  of  soft  x-rays 
with  the  highest  spatial  coherence  ever  reported. 
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Femtosecond  laser-produced  plasmas  are  sources  of  superhot  electrons  and 
consequently  of  hard  radiation  in  the  multi-MeV  range  via  bremsstrahlung 
[1,2].  These  sources  offer  the  potential  to  observe  nuclear  effects  using 
ultrashort  laser  pulses.  Although  still  at  the  beginning  these  techniques  might 
lead  to  a  new  femtosecond  spectroscopy  of  nuclei. 

We  measured  X-ray  spectra  from  laser-produced  plasmas  in  the  energy  range 
from  200  keV  to  7  MeV  with  a  Nal(Tl)  scintillator  crystal  and  a  pulse  height 
analysator.  The  spectra  show  typically  two  distinct  spectral  components  with 
approximately  exponential  behavior,  one  with  mean  photon  energies  of  a  few 
hundred  keV  and  another  consisting  of  MeV  x-rays.  The  hard  part  of  the 
emission  beyond  1.7  MeV  could  be  optimized  by  intentionally  increasing  the 
prepulse  energy  13ns  before  the  main  pulse.  The  total  yield  of  photons  above 
200  keV  was  found  to  be  on  the  order  of  lO"  of  the  incident  laser  energy.  The 
yield  of  the  high  energy  component  is  correlated  with  very  strong  3/2(o- 
harmonic  emission.  Therefore,  collective  plasma  excitation  is  the  most  likely 
mechanism  for  the  production  of  the  MeV  electrons.  The  lower  energy  x-rays 
in  the  several  hundred  keV-range  can  be  attributed  to  acceleration  of  electrons 
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in  a  single  cycle  of  the  laser  electric  field. 

We  conclude  that  at  focussed  intensities  above  lO'^lS  W/cm'^2  about 
photons  per  shot  with  energies  in  excess  of  1.7  MeV  are  emitted.  This  value  is 
in  agreement  with  theoretical  estimates.  This  high  energy  photon  yield  should 
be  sufficient  to  produce  photonuclear  processes  with  this  source,  despite  the 
generally  small  eross  sections  for  photonuclear  reactions.  The  applications  to 
nuclear  physics  that  we  discuss  are  the  photoneutron  effect  in  Beryllium  and 
Deuterium  (threshold  1.67  MeV  and  2.2  MeV,  respectively),  and  nuclear 
resonance  fluorescence  in  Lithium. 

Photon  Energy/[keV] 
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Fig.l:  X-ray  spectrum  from  a  Tantalum  target  irradiated  by  a  110  fs,  2  10‘* 
W/cm^Ti;  Sapphire  laser. 

References: 

[1]  G.Malka,  J.L.  Miquel;  Phys.  Rev.  Lett.  77,  75  (1996) 

[2]  J.D.  Kmetec,  C.L.  Gordon  III,  J.J.  Macklin,  B.E.  Lemoff,  G.S.  Brown, 

S.E.  Harris;  Phys.  Rev.  Lett.  68,1527  (1992) 


ThE20-l  /  103 


ULTRA-INTENSE  LASERS  FOR  FAST  IGNITION  IN 
INERTIAL  CONFINEMENT  FUSION  AT  ILE,  OSAKA 

T.  YAMANAKA,  Y  KATO,  Y  KITAGAWA,  R.  KODAMA,  H.  TAKABE, 
H.  FUJITA,  T.  KANABE,  M.  NAKATSUKA,  and  K.  MIMA 
Institute  of  Laser  Engineering,  Osaka  University, 

2-6  Yamada-oka,  Suita,  Osaka  565,  Japan 
+81-6-879-8721,  tyama@ile.osaka-u.ac.jp 


1.  Introduction 

Progress  in  high  power  short  pulse  laser  using  a  chirped-pulse  amplification 
technique[l]  is  opening  the  possibility  of  an  additional  heating  concept  "fast  ignition"  [2]  in 
Inertial  Confinement  Fusion  (ICF).  In  the  concept,  the  compressed  fuel  with  a  high  fuel 
density  created  by  a  conventional  laser  implosion  is  heated  by  an  ultra-intense  short  pulse  laser 
(a  few  ps)  before  a  core  is  disassembled  (<  a  few  ten  ps).  The  concept  will  give  us  reduction  of 
the  required  laser  energy  and  the  implosion  uniformity  for  ignition  in  ICF. 

In  this  paper  we  report  two  aspects  related  to  the  fast  ignition.  First  we  investigate  the 
ignition  condition  with  a  2-dimensional  hydrodynamic  code  for  the  isochoric  implosion  with 
off-center  ignition.  Second,  present  status  of  CPA  in  our  GEKKO  Mil  and  GEKKO  XII  lasers 
for  fast  ignition  experiments  are  reported  with  preliminary  experiments  such  as  the  hole  boring 
with  a  100  ps  laser  pulse  on  a  plane  target. 

2.  Evaluation  of  ignition  condition  in  fast  ignition 

The  ignition  condition  was  studied  using  a  2-D  hydrodynamic  code  ILESTA  with  alpha 
particle  heating  included  for  the  isochoric  implosion  for  the  central  as  well  as  the  off-center 
ignitions.  First  the  validity  of  the  2-D  code  was  tested  in  the  1-D  configuration  for  the  central 
spark  ignition  for  the  isobaric  and  isochoric  implosions.  The  isochoric  implosion  requires 
higher  spark  temperature  of  approximately  10  keV  in  comparison  to  5  keV  for  the  isobaric 
implosion  with  the  areal  density  pR  of  0.5  g/cm^  which  is  slightly  higher  than  0.3-0.4  g/cm^ 
for  the  isobaric  implosion. 

The  simulation  for  bum-wave  propagation  for  the  off-center  ignition  shows  that  the 
ignition  condition  for  the  off-center  ignition  is  very  close  to  that  for  the  central  ignition,  since 
the  velocity  of  the  bum  wave  propagation  is  very  high  (2-3xl0^cm/s)  compared  to  the  sound 
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velocity.  The  spark  energy  (the  internal  energy  in  the  spark  region)  depends  critically  on  the 
fuel  density;  it  is  2-3  kJ  for  400  g/cm^  and  15-20  kJ  for  200  g/cm^  .  Thus  higher  density  is 
preferable  for  reducing  the  ignition  energy,  but  the  core  gain  decreases  due  to  the  higher  energy 
required  for  higher  density  compression. 

The  core  gain  of  2,000  is  achieved  with  the  fuel  energy  of  50  kJ,  corresponding  to  the 
fusion  gain  of  200  with  the  500  kJ  driver  for  the  hydrodynamic  efficiency  of  10%.  The  fast 
igniter  beam  of  ~50  kJ  will  be  required  in  this  case  if  ~30  %  coupling  efficiency  is  achieved 
to  make  an  igniter.  This  energy  could  be  reduced  to  6-10  kJ  when  the  fuel  is  compressed  to 
400  g/cm^ . 

3.  High  power  short  pulse  laser  constructions 

To  experimentally  study  the  phenomena  related  to  the  fast  ignition,  we  are  constructing 
two  high  power  short  pulse  lasers  for  efficient  heating  of  the  compressed  fuel.  Using  a  single 
mode  optical  fiber  firont  end  system,  we  have  previously  generated  a  lps-30TW  pulse  from  the 
GEKKO  Mil  (two  beams  system)  [3].  Now  the  firont  end  is  replaced  by  the  combination  of  a 
mode-locked  Tiisapphire  oscillator  and  a  Tirsapphire  regenerative  amplifier  to  obtain  a  50  TW 
output.  The  beam  with  a  diameter  of  140  mm,  limited  by  the  pulse-compression  grating,  will 
be  focused  with  an  off-axis  parabolic  mirror  onto  a  target  at  intensities  above  10^*  W/cm^. 
This  facility  will  be  used  to  investigate  laser-matter  interaction,  laser  boring  of  overdense 
plasmas,  and  high  energy  particle  generation  from  underdense  plasmas. 

In  the  first  test  experiment,  we  are  going  to  irradiate  a  plastic  foil  target  to  see  the 
energy  coupling  between  laser  and  solid  density  plasma.  We  are  also  preparing  the 
measurement  of  the  transfer  efficiency  of  10^^~10^®  W/cm^  ps  pulse  through  a  solid  density 
plasmas.  According  to  the  simulation  results,  a  10^®  W/cm^  laser  pulse  makes  a  channel  in  an 
overdense  (n/n^,  =  7)  plasma  slab  with  2|xm-thickness  and  90%  of  the  pulse  energy  comes  out 
in  the  rear  side.  In  the  preliminary  experiment  using  a  100  ps  pulse  on  planar  target  we 
observed  the  beam  propagation  into  the  overdense  region  where  the  laser  is  self-focused  in 
underdense  region  to  drill  a  hole  through  the  overdense  region  and  deposits  its  energy  near  the 
solid  density  surface.  [4]. 

Another  ultra-intense  short  pulse  laser  is  constructing  as  the  13th  arm  of  the  GEKKO 
XII  (twelve  beams  system),  as  shown  in  Fig.  1.  The  purpose  is  to  experimentally  verify  the 
fast  ignition.  A  mode-locked  glass  oscillator  and  a  Ti:sapphire  regenerative  amplifier  are  used 
as  the  fi-ont  end  system.  Preamplification  is  with  4-pass  glass  rod  amplifier.  The  final  35  cm 
disk  amplifier  of  a  Cassegrainian  type  3-pass  geometry  provides  the  output  of  1  kJ  in  300  ps  to 
7  kJ  in  3  ns  with  a  beam  diameter  of  200  to  350  mm.  After  the  grating-pair  compression,  the 
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system  will  provide  a  100  TW  with  an  energy  of  100  J  for  a  beam  diameter  of  200  mm.  The 
system  is  expected  to  provide  1 PW  by  enlarging  the  beam  diameter  to  350  mm.  TTie  new  13th 
beam  is  to  irradiate  the  spherical  target,  pre-imploded  with  12  beams.  The  additional  heating 
effects  such  as  neutron  yield  enhancement  will  then  be  investigated. 

We  appreciate  LLNL  for  fabrication  of  the  large  aperture  grating  for  pulse  compression. 
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Fig.  1.  Petawatt  laser  module  as  the  13th  beam  of  the  GEKKO  XII  laser  system.  This  laser  is 
used  to  heat  the  high  density  plasma  compressed  with  12  beams  from  the  GEKKO  XII  laser 
system.  3  pass  Cassegrainian  type  amplifier  is  introduced  as  a  main  amplifier. 
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Recently,  the  phenomenon  of  intense  femtosecond  light  pulse  filamentation  over 
distances  of  several  tens  of  meters  was  observed  [1,2].  The  study  of  long-interaction-length 
intense  laser  pulses  has  interesting  applications  including  laser-induced  lightning,  laser-pumped 
x-ray  sources,  and  laser-plasma  based  accelerators. 

Measurements  of  the  near-axis  energy  in  the  filament  and  numerical  simulations 
performed  in  [3]  showed  that  the  filamentation  process  originates  fi'om  the  joint  influence  of 
the  instantaneous  Kerr  nonlinearity  of  air  and  the  plasma  produced  by  the  pulse  itself  in  the 
course  of  propagation.  The  optical  -  field  -  induced  ionization  of  air  components  stops  the 
contraction  of  the  beam  and  leads  to  severe  divergence  of  the  trailing  part  of  the  pulse  [4]. 

One  of  the  interesting  phenomena  accompanying  filamentation  in  air  is  the  conical 
emission  [2].  In  normally  dispersive  medium  with  the  electronic  Kerr  nonlinearity  the  conical 
emission  is  attributed  to  four-photon  coupling  [5].  However,  under  the  conditions  of  self- 
consistent  plasma  production  due  to  multiphoton  or  tunnelling  ionization,  the  order  of  the 
nonlinear  process  is  much  higher  than  three.  Therefore,  the  models  based  on  four-photon 
coupling  are  not  applicable  here. 

Here  we  report  the  results  of  numerical  and  experimental  studies  of  the  conical 
emission  from  the  filament  created  by  a  femtosecond  pulse  in  air.  We  show  that  the  self- 
produced  plasma  is  a  determining  factor  in  the  transformation  of  spatial-temporal  spectrum  of 
the  pulse  in  the  course  of  propagation. 

The  propagation  is  described  by  the  two-dimensional  (cylindrical  symmetry  is  assumed 
in  radial  direction)  nonlinear  Srodinger  equation.  The  nonlinear  term  includes  instantaneous 
Kerr  nonlinearity,  plasma  contribution,  which  grows  with  time,  and  energy  loss  due  to  plasma 
production.  The  electron  density  is  calculated  in  each  space-time  point  according  to  the 
models  [6],  [7]  depending  on  the  intensity.  The  parameters  of  the  input  pulse  in  simulations 
correspond  to  those  in  the  experiment,  where  Ti; Sapphire  chirped-pulse-amplification  laser 
system  was  used  to  generate  pulses  with  the  central  wavelength  800  nm,  the  duration  250  fs 
and  the  energy  10  mJ.  For  calculations  the  input  pulse  shape  was  chosen  to  be  Gaussian  with 
Gaussian  transverse  distribution  of  the  laser  intensity. 

In  the  course  of  propagation  highly  nonlinear  medium  response  causes  large  phase 
gradients  in  space  in  time.  Figure  1  shows  the  resulting  spatial-temporal  spectrum  of  the  pulse 
which  reveals  the  following  peculiarity:  at  the  anti-Stokes  side  shorter  wavelengths  propagate 
at  larger  angles  to  the  laser  axis  (z  -  axis).  A  simple  interpretation  of  the  complicated  plot  in 
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Fig.  1(b)  is  shown  in  Fig.  2.  The  picture  demonstrates  the  conical  emission  at  a  distance  of  20 
m  from  its  source. 


(a)  (b) 


Fig.  1.  Spatio-temporal  spectra  of  the  pulse  undergoing  filamentation  in  air. 

(a)  Spectrum  of  the  input  pulse  (z  =  0),  (b)  spectrum  of  the  pulse  at  z  »  O.S2zj 
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Fig.  2.  The  conical  emission  at  a  distance  of  20  m  from  its  source. 


In  the  experiment  the 
conical  emission  was  observed 
in  the  following  way:  at  the 
output  of  the  optical 
compressor,  the  beam  was  sent 
into  a  long  hallway  using  two 
transport  mirrors.  The  second 
transport  mirror  was  located 
17.7  m  from  the  compressor. 
After  this  mirror,  the  beam 
propagated  freely  to  the  end  of 
the  hallway  for  a  total 
propagation  distance  of  1 1 1  m 
(diffraction  length  zj  «  96  m)  . 
The  conical  emission  was  seen 
70  m  w  O.llzd  from  the  output  of 
0.52z</.  To  select  a 


on  a  white  screen  placed  in  the  beam  path  at  a  distance  z 
the  compressor  and  at  a  distance  of  20  m  from  its  source  located  at  z 
particular  wavelength,  an  interference  filter  (10  nm  bandwidth)  was  inserted  in  the  beam  path, 
in  front  of  the  screen.  The  setup  was  organized  in  such  a  way  that  the  CE  source  was 
restricted  to  a  length  of  2  meters  thus  making  possible  to  reduce  the  angle  measurement  error 
to  10%. 

The  nonlinear  mechanism  responsible  for  the  conical  emission  is  the  time-dependent 
growth  of  the  density  of  free  electrons  produced  by  high-intensity  laser  field.  The  plasma  leads 
to  the  blue  spectral  broadening.  Therefore,  conical  emission  at  the  Stokes  side  of  the  pulse 
spectrum  was  observed  neither  in  simulations  nor  in  the  experiment. 
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In  conclusion  we  note,  that  experimentally  obtained  and  simulated  conical  emission 
angles,  scaled  by  the  initial  divergence  of  the  corresponding  input  beam,  are  in  good 
agreement  with  each  other.  Three  typical  features  of  the  conical  emission  found  both  in  the 
experiment  and  simulations  should  be  pointed  out: 

-  For  distances  larger  than  the  self-focusing  distance  for  the  central  slice  of  the  pulse  and 
smaller  than  the  diffraction  length  emission  angles  are  independent  of  the  position  of  the 
conical  emission  source. 

-  No  conical  emission  was  observed  at  the  Stokes  side  of  the  pulse  spectrum. 

-  The  largest  spectral  broadening  occurred  in  the  conical  emission.  Indeed,  colors  covering  the 
entire  visible  spectrum  were  seen  in  the  conical  emission,  while  only  red  could  be  seen  in  the 
central  part  of  the  beam. 
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Electrons  injected  into  a  high  intensity  laser  focus  by  tunneling  ionization  quickly  escape 
due  to  the  strong  ponderomotive  force.  This  limits  the  probability  of  observing  harmonic 
radiation  from  free  electrons  oscillating  in  the  field ^  and  other  nonlinear  effects.  Two 
dimension(radial)  optical  confining  schemes  have  been  proposed  to  increase  the  life-time  of  the 
electron  in  the  intense  field.^’  ^  These  do  not  confine  the  electron  in  the  direction  of  the  laser 
propagation  which  limits  their  effectiveness.  In  intense  fields  the  electrons  have  significant 
momentum  in  this  direction.*^  To  our  knowledge,  neither  of  these  schemes  have  been 
demonstrated. 

We  have  developed  a  three-dimensional  ponderomotive  optical  trap  suitable  for  high 
intensity  lasers  by  using  a  phase  mask  to  change  the  phase  of  half  of  the  beam  near-field  pattern 
by  n.  In  this  case,  the  laser  intensity  has  a  minimum  at  the  best  focus  allowing  electrons  to  be 
ponderomotively  trapped.  The  phase  mask  has  been  created  by  cutting  a  disk  out  of  a  zeroth 
order  half-wave  plate,  rotating  it  by  90°  and  reinstalling  it.  The  inner  disk  covers  approximately 
50%  of  the  beam  near  field.  We  have  used  equivalent  target  plane  images  to  demonstrate  the 
trapping  potential  and  show  that  the  peak  intensity  at  the  trap  boundaries  is  approximately  20% 
of  the  peak  intensity  of  the  beam  without  the  phase  mask.  By  changing  the  relative  angle  of  the 
two  wave-plate  sections,  the  trap  depth  can  be  varied. 

This  work  is  supported  by  the  National  Science  Foundation. Additional  support  was 
provided  by  the  U.S.  Department  of  Energy  Office  of  Inertial  Confinement  Fusion  under 
Cooperative  Agreement  No.  DE-FC03-92SF 19460,  the  University  of  Rochester,  and  the  New 
York  State  Energy  Research  and  Development  Authority.  The  support  of  DOE  does  not 
constitute  an  endorsement  by  DOE  of  the  views  expressed  in  this  article. 
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The  behaviour  of  nuclei  in  intense  electromagnetic  field  is  a  subject  of  great  theoreti¬ 
cal  interest.  Considerable  changes  in  these  processes  (e.  g.  in  internal  conversion,  IC) 
could  be  achieved  by  resonanse  interaction  between  nuclei  and  their  electronic  shells, 
when  the  correspondent  nuclear  and  electronic  levels  are  sufficiently  close  and  the  de¬ 
fect  of  resonance  is  compensated  by  laser  radiation.  As  an  example  of  such  processes, 
the  resonance  internal  conversion  (LIDIC)  in  metastable  nuclei  [1,  2,  3]  can  be  con¬ 
sidered.  Experimental  study  of  the  laser  field  interaction  with  metastable  nuclei  can 
provide  an  information  about  important  nuclear  characteristics,  such  as  energies  and 
multipolarities  of  nuclear  transitions,  anomalous  internal  conversion  coefficients  etc., 
which  axe  not  well  identified  for  some  nuclei.  Moreover,  of  certain  interest  can  be  an 
acceleration  of  nuclear  decay  due  to  the  LIDIC-process,  and  even  (at  sufficiently  high 
intensities  of  the  laser  field)  a  coherent  X-ray  radiation  due  to  electron  transition  into 
the  deep  vacancy  created  by  LIDIC-process  or  (at  still  higher  intensities)  a.  coherent 
7-radiation  due  to  the  nuclear  transitions. 

Some  evaluations  for  LIDIC-process  in  229m'j']^  j’2j  ^ere  carried  out. 

But  one  of  the  most  experimentally  attractive  isomers  can  be  ^®"*Tc  [3,  4],  which  is 
widely  used  in  the  medical  radiodiagnostics  and  produced  in  macroscopic  amounts. 

The  K-  and  L-  conversion  in  ^^^Tc  is  forbidden  by  the  energy  conservation  law, 
and  the  M-conversion  is  the  main  channel  of  the  metastable  level  decay.  However, 
the  L-conversion  becomes  possible  if  a  ~  500  eV  photon  is  absorbed  from  an  external 
radiation.  In  the  work  [4]  we  considered  a  highly-stripped  Tc  ions,  where  the  same 
process  would  require  the  photon  energy  of  a  few  eV.  The  obtained  numerical  estima¬ 
tions  show  that  the  laser  radiation  of  a  comparatively  low  intensity  /  ~  10^  W  •  cm“^ 
can  double  the  activity  of  ions.  But  a  plasma  of  such  ions  has  rather  short 

lifetime  normally,  so  the  neutral  Tc  atom  seems  to  be  an  object  not  less  appropriate 
for  the  experimental  study  of  LIDIC  process  [3] . 

The  cross-section  of  the  LIDIC-process  can  be  evaluated  in  the  hydrogen-like  ap¬ 
proximation,  when  then  the  wavefunctions  of  the  deep  electron  shells  are  characteri¬ 
zed  by  some  effective  charges  which  can  be  obtained  from  self-consistent  calculations 
of  atomic  structures.  Our  rough  calculations  show  that  the  X-ray  radiation  with 
Lo  ~  500-600  ev/^.  results  approximately  in  the  same  cross-section  values  as  for  LIDIC 
in  highly-stripped  Tc  ions.  Aitbough  such  powerful  X-ray  sources  at  the  mentioned 
frequences  are  not  available  yet,  it  should  be  kept  in  mind  that  a  multiphoton  LIDIC 
could  be  jBfiore  probable  in  high  X-ray  field.  The  calculations  of  such  processes  are 
rather  ccHuplicated,  but  they  can  be  carried  out  using  the  Coulomb  Green  function 
which  was  used  in  refs.  [3,  4]  for  one-photon  LIDIC  calculations. 
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Let  us  note  another  interesting  property  of  ®®Tc:  it  has  a  short-lived  nuclear  level 
lying  below  the  metastable  one.  So  the  coherent  7-radiation  due  to  7/2+  ->  9/2+ 
nuclear  transition  could  be  realized  when  the  incident  radiation  intensity  is  suflBciently 
high.  Om  numerical  estimations  for  a  coherent  single-pass  amplification  yield  I  ~ 
10^2  W/cm^ 

It  should  be  noted  that  ®®Tc  is  not  unique  nucleus  for  LIDIC  process;  the  resonance 
conditions  can  also  be  satisfied,  e.g.,  for  ^°®Ag,  ^®®Os,  ^^^Os,  Au,  Some 

estimations  for  external  laser  photon  energies  required  for  LIDIC  into  rydberg  electron 
states  of  the  above  mentioned  nuslei  are  presented  in  the  table  [5].  LIDIC-process  in 
these  nuclei  can  take  place  in  rather  wide  spectral  range  of  the  external  radiation  — 
from  soft  VUV  up  to  X-Ray. 


Nucleus 

Transition 

energy 

Lowest  initial 
subshell  for 
usual  IC 

External 

photon 

energy 

Possible  initial 
subshell  for 
LIDIC 

105  Ag 

25.47  keV 

L 

44  eV 

K 

99Tc 

2.71  keV 

M 

500  eV 

L 

w^Os 

69.54  keV 

L 

4.3  keV 

K 

74.38  keV 

L 

400  eV 

K 

«'Au 

13.7  keV 

L2 

200  eV 

Lx 

193  jj. 

80.3  keV 

K 

4keV 

K 

205pb 

2.330  keV 

N 

150  eV 

M 

3.5  eV 

Q2 

1  eV 

Qi 

235U 

76  keV 

Q 

4eV 

Q 
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Laser-driven  particle  accelerators  have  been  conceived  over  the  past  decade  to 
be  the  next-generation  particle  accelerators,  promising  super-high  field  particle 
acceleration  and  a  compact  size  compared  with  conventional  accelerators 
Among  a  number  of  laser  accelerator  concepts,  laser  wakefield  accelerators  have 
great  potential  to  produce  ultra-high-field  gradients  of  plasma  waves  excited  by 
intense  ultrashort  laser  pulses  Recently  wakefield  excitation  of  the  order  of 
~10GeV/m  in  a  plasma  has  been  directly  confirmed  by  the  use  of  a  table-top- 
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terawatt  (T^)  laser 

Our  project  aims  at  achieving  high  energy  particle  acceleration  to  energies 
more  than  1  GeV  in  a  table-top  scale  owing  to  a  channel-guided  laser  wakefield 
acceleration  (LWFA)  scheme  by  the  use  of  100  fs,  2  TW  laser  system. 

We  have  demonstrated  the  self-channeling  of  ultrashort  laser  pulses  with  a 
relativistic  intensity  over  a  few  cm  ^).  We  have  achieved  synchronization  of  a  10 
ps  electron  beam  with  a  100  fs  laser  pulse  within  a  few  ps  in  order  to  accelerate 
injected  electrons  firmly  due  to  wakefield  induced  by  laser  pulses  in  the  rate  of 
10  Hz  5). 

Fig.  1  shows  the  distribution  of  the  energy  gain  of  accelerated  electrons  at  the 
Helium  pressure  of  20  Torr  for  the  laser  peak  power  of  0.5  TW.  The  energy  gain 
of  100  MeV  was  obtained  from  this  figure. 

As  a  next  step,  we  are  planning  to  measure  the  frequency  and  the  amplitude  of 

the  plasma  wakefield  by  using  interferometry  technique  ^). 


Fig.  1  Distribution  of  the  energy  gain  of  accelerated  electrons  at  the  Helium 
pressure  of  20  Torr  for  the  laser  peak  power  of  0.5  TW. 
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The  experimental  realization  of  powerful  sources  of  coherent  X-ray  radiation  [1] 
opens  for  the  first  time  the  possibility  to  perform  two-photon  bound-bound  ab¬ 
sorption  experiments  involving  inner  shells  in  heavy  atoms  or  ions.  This  would 
considerably  broaden  the  scope  of  traditional,  (single-photon)  X-ray  Absorption 
Spectroscopy  (XAS)  and  related  techniques.  From  the  theoretical  point  of  view  it 
is  clear  that  the  usual  non-relativistic  dipole  treatment  of  the  atom-field  interaction 
is  no  longer  valid:  By  considering  the  two-photon  |1^5'i/2)  |2^5'i/2)  transition  in 

hydrogenic  systems,  we  test  the  inherent  limitations  of  such  a  simplified  approach 
as  compared  to  a  treatment  taking  full  care  of  relativistic  and  retardation  effects. 

Our  treatment  is  based  on  the  computation  of  the  relevant  second-order  per¬ 
turbative  amplitudes,  the  perturbative  approach  being  certainly  valid  in  view  of 
the  expected  intensities  of  the  currently  developed  X-ray  sources  as  compared  to 
typical  electric  field  strength  in  heavier  atoms.  Its  distinctive  feature  is  that  the 
infinite  sums  over  the  complete  set  of  states,  which  enter  the  second-order  ampli¬ 
tudes,  axe  performed  exactly  by  using  a  discrete,  Sturmian-like,  expansion  of  the 
Dirac  Coulomb  Green’s  function.  While  Sturmian  expansions  are  widely  exploited 
in  non-relativistic  applications,  comperatively  few  applications  have  been  reported  in 
a  relativistic  context.  However,  the  close  similarities  between  the  second-order  Dirac 
equation  and  the  non-relativistic  Schrodinger  equation  enable  the  use  of  correspond¬ 
ing  techniques  as  well  in  relativistic  calculations  [2,3].  Using  Sturmian  functions  of 
the  second-order  Green’s  function,  we  give  a  compact  explicit  expression  for  the 
first-order  Dirac  Coulomb  Green’s  function  which  has  proven  to  be  very  useful  in 
actual  two-photon  calculations. 

The  retarded  Dirac  Coulomb  green’s  function  with  energy  parameter  E 
obeys 

[cap  +  fimc^  -[-U-E]  ^2)  =  -fi  6{ri  -  rij) ,  (1) 

where  U  stands  for  the  Coulomb  potential.  The  introduction  of  the  projection 
operator  on  the  positive  energy  subspace  yields  a  second  order  differential  equation 
which  can  be  solved  analogously  to  the  non-relativistic  C2ise.  Retaining  the  notation 
of  Sturmian  functions  for  the  second  order  equation,  the  following  expression  for  the 
Green’s  function  of  first  order  is  obtained: 
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where  the  four  coefficients  c,-  are 
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Here  the  following  abbreviations  are  used:  Q,jim  denote  the  spherical  spinor  har¬ 
monics,  K  is  the  eigenvalue  of  the  spin-orbit  operator,  A  =  \/ k}  —  Z'^a^  .  The  index 
9  =  ±1 ,  and  7/  =  ZaE{m^c^  —  .  The  generalized  Sturmian  functions  for  the 

radial  components  of  the  second-order  Dirac  equation  are 


(r15;)  ^ 


n!(2i/)2 


\  r(n  +  2C)^e2 


(2i/r)'*  ^  exp(— i/r)  ^(2i/r) , 


(4) 


where  ^  =  X  +  l/2+q/2,  u  =  {s/m^cX  —  E'^)lhc  and  denote  generalized  associated 
Laguerre  polynomials. 

The  question  of  the  competing  influences  of  retardation  and  relativistic  effects, 
as  compared  to  the  simpler  non-relativistic  dipole  approximation,  is  still  a  matter  of 
active  discussion.  Most  discussions  have  dealt  with  single-photon  ionization  where 
it  was  observed  that  the  non-relativistic  dipole  (angle-integrated)  cross  section  is 
accurate  enough  far  beyond  its  expected  range  of  validity  [4].  A  commonly  accepted 
argument  to  account  for  this  property  of  one-photon  bound-free  transition  ampli¬ 
tudes,  starting  from  an  initial  s-state,  is  the  occurrence  of  partial  cancellations  be¬ 
tween  the  various  contributions  (retardation,  multipole,  relativistic,...),  to  the  cross 
sections.  Concerning  two-photon  processes,  the  state  of  the  discussion  is  much  less 
advanced.  There  is  however  a  notable  exception  for  Rayleigh  |1^5i/2)  —*■  |1^5i/2) 
scattering  amplitudes.  In  this  case,  a  detailed  analysis  [5],  indicates  that  the  con¬ 
clusions  drawn  from  the  previous  analysis  cannot  be  transposed  without  care,  as 
the  presence  of  the  Green’s  function  in  the  second-order  amplitude  modifies  the 
interplay  between  the  contributions  of  retardation  and  relativistic  effects. 

We  investigate  this  point  here  in  the  case  of  the  two-photon  |1^5'i/2)  |2^5'i/2) 

absorption  by  comparing  the  results  of  our  relativistic  (retardation  included)  cal¬ 
culation  with  those  of  non-relativistic  dipole,  non-relativistic  with  retardation  and 
relativistic  dipole  simplified  calculations. 

In  table  1  the  modulus  of  the  matrix  element  M  in  atomic  units  (a.u.)  multi¬ 
plied  by  ,  which  is  the  dependence  of  the  leading  non-relativistic  dipole  (NRD) 
contribution,  is  given  as  a  function  of  nuclear  charge  Z  for  four  selected  ions  of  the 
periodic  table. 
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z 

NRR 

RD 

RR 

1 

-1.963406 

-1.963324 

-1.963312 

32 

-1.950904 

-1.871599 

-1.859651 

63 

-1.915941 

-1.608297 

-1.568383 

94 

-1.861272 

-1.174384 

-1.109617 

The  non-relativistic  dipole  result  is  |Mnrd|  'X  Z*  =  1.963414  a.u. .  The  numerical 
values  are  converged  to  one  part  in  10® .  The  non-relativistic  treatment  including  re¬ 
tardation  (NRR)  starts  to  depart  significantly  from  the  dipole  approximation  around 
Z  =  25,  where  the  difference  amounts  to  «  0.4%.  Regarding  the  influence  of  rela¬ 
tivity,  one  notes  that  its  overall  contribution  is  to  significantly  lower  the  magnitude 
of  the  amplitudes  when  considering  higher  Z  and,  correlatively,  higher  frequencies. 
This  is  true  for  both  the  relativistic  dipole  (RD)  and  relativistic  with  retardation 
treatments  (RR).  For  a  given  Z,  the  ratio  of  the  results  for  the  dipole  approximation 
to  the  ones  with  retardation  included,  is  the  same  to  within  a  fraction  of  a  percent, 
for  both  the  non-relativistic  and  relativistic  treatments. 

To  summaxize,  the  results  of  our  original  calculations  show  that,  for  two-photon 
bound-bound  transitions,  relativistic  contributions  are  indeed  significant,  starting 
even  before  Z  =  20.  It  appears  also  that  no  significant  cancellations  take  place  when 
adding  up  the  contributions  of  retardation  and  relativity.  Furthermore,  the  overall 
influence  of  relativity  is  to  decrease  the  magnitude  of  the  transition  amplitudes 
as  compared  to  the  usual  non-relativistic  dipole  treatments.  Such  an  influence  is 
opposite  to  the  one  observed  in  the  case  of  single-photon  bound-free  transitions, 
where  relativistic  effects  tend  to  increase  the  cross  sections  [4]. 

CS  acknowledges  a  fellowship  HSP  II  /  AUFE  from  the  German  Academic  Ex¬ 
change  Service  (DAAD)  financed  by  the  German  Ministry  of  Education,  Science, 
Research  and  Technology.  This  research  is  supported  as  well  in  part  by  the  Euro¬ 
pean  Union  under  the  HCM  contract  ERB  CHRX  CT  940  470.  The  Laboratoire 
de  Chimie  Physique  -  Matiere  et  Rayonnement  is  Unite  de  Recherche  Associee  au 
CNRS  (URA  176). 

[1]  see,  for  instance,  the  special  issue  of  J.  Opt.  Soc.  Am.  B  13  (1),  January  1996. 

[2]  B.  A.  ZON,  N.  L.  Manakov  and  L.  P.  Rapoport,  Yad.  Fiz.  15,  508  (1972) 
[Sov.  J.  Nucl.  Phys.  15,  282  (1972)] 

[3]  S.  A.  Zapryagaev  and  N.  L.  Manakov,  Izv.  Akad.  Nauk  SSSR  45,  2336 
(1981) 

[4]  A.  Ron  A.,  I.  B.  Goldberg,  J.  Stein,  S.  T.  Manson,  R.  H.  Pratt,  and 
R.  Y.  Yin,  Phys.  Rev.  A  50,  1312  (1994) 

[5]  A.  CosTEScu  A.,  P.  M.  Bergstrom  Jr.,  C.  Dinu,  and  R.  H.  Pratt,  Phys. 
Rev.  A  50,  1390  (1994) 


118/ThE26-l 


Self-Guiding  Without  Focusing  Nonlinearity: 

Leaking  Mode  Self-Effect  due  to  Field-Induced  Saturable  Ionization 

A.M. Sergeev,  M.Lontano*,  and  A.V.Kim 

Institute  of  Applied  Physics  of  the  Russian  Academy  of  Sciences 
603600  Nizhny  Novgorod,  Russia 
e-mail:  ams@ufp.applsci-nnov.ru 
Istituto  di  Fisica  del  Plasma,  Consiglio  Nazionale  delle  Ricerche 
EURATOM-ENEA-CNR  Association,  20133  Milano,  Italy 
e-mail:  lontano@ifp.mLcnr.it 

Creation  of  elongated  plasma  structures  for  guiding  of  powerful  ultra-short  laser  pulses  is  a  challenging 
scientific  problem  and  an  important  application  in  the  area  of  superstrong  field  interaction  with  matter*  Self¬ 
channeling  regimes  recently  observed  in  experiments  have  been  attributed  to  the  focusing  nature  of 

relativistic  and  Kerr  nonlinearities  that  cause  an  increase  of  the  refractive  index  and  deviation  of  light  rays 
toward  stronger  field  regions.  In  the  case  of  gas  ionization  at  the  axis  of  a  Kerr-effect  induced  waveguide^'^  the 
influence  of  focusing  nonlinearity  should  be  especially  strong  since  it  is  not  only  to  prevent  the  divergence  of 
rays  due  to  linear  diffraction  but  also  to  balance  refraction  of  radiation  from  the  axis,  that  is  caused  by  emerging 
plasma.  Experimentally  observed  extra-long  waveguides  produced  by  few  mJ,  100  fs  laser  pulses  at  ionization 
of  atmospheric  air^’^  have  been  interpreted  as  plasma  structures  having  a  core  where  the  ionization  nonlinearity 
prevails  and  an  outer  cladding  where  the  dominating  Kerr  nonlinearity  generates  opposite-in-sign  positive 
variations  of  the  refractive  index  and  hence  keeps  the  radiation  from  divergence. 

In  this  report  we  demonstrate  that  the  saturable  ionizaton  nonlinearity  alone,  without  any  focusing 
nonlinearity,  is  a  sufficient  mechanism  for  self-channeling  of  an  ultrashort  laser  pulse.  At  first  sight,  this 
statement  looks  absurd  since  in  accord  with  a  common  concept  a  nonlinearity  with  a  growing  dependence  of  the 
refractive  index  on  the  field  intensity  is  needed  for  the  self-guiding  effect.  The  idea  of  self-guiding  at  defocusing 
ionization  nonlinearity  consists  in  the  following.  Owing  to  a  strong  dependence  of  the  field  ionization  rate  on 
the  field  intensity  a  laser  pulse  can  produce  a  plasma  distribution  that  is  smooth  near  the  axis  and  sharply 
bounded  at  the  periphery  of  the  cross-section  (a  plasma  filament  with  sharp  boundaries).  This  distribution  in 
spite  of  a  negative  variation  of  the  refractive  index  at  the  axis  can  guide  an  electromagnetic  wave  in  the  form  of 
a  leaking  mode  with  exponentially  small  losses  over  the  distances  of  many  free-space  Rayleigh  lengths.  As 
distinct  from  the  common  self-guiding  effect  where  the  field  localization  is  acieved  due  to  the  total  internal 
reflection  at  the  periphery  of  a  guide,  in  this  case  the  quasi-localization  is  obtained  due  to  a  strong  reflection  of 
the  trapped  wave  from  the  plasma  boundary  that  is  sharp  as  compared  to  the  transverse  scale  (transverse 
wavelength)  of  this  wave.  Hence,  the  leakage  losses  are  an  inherent  feature  of  the  plasma  waveguide  though 
these  factor  may  have  only  a  minor  contribution  to  the  overall  wave  dissipation  as  compared  for  example  to  the 
ionization  losses.  Note  that  the  leaking  wave  radiation  has  been  measured  in  the  recent  experiment‘d,  however 
the  authors  have  interpreted  the  observed  channeling  as  a  self-effect  due  to  the  Kerr  nonlinearity. 

Formation  of  a  channel  with  a  quasi -rectangular  radial  plasma  profile  can  be  facilitated  in  the  case  of 
saturation  of  the  ionization,  which  is  typical  for  this  nonlinearity  and  corresponds  to  the  complete  depletion  of 
one  or  several  electronic  states  in  atoms.  The  result  of  saturation  is  a  flattening  of  the  plasma  profile  near  the 
axis  and  a  corresponding  decrease  of  refraction  in  the  center  of  the  channel  where  the  main  part  of  the  laser 
energy  is  propagated.  This  regime  seems  easier  to  be  implemented  in  single-species  gases  at  not  so  high 
pressures  when  the  saturation  can  be  reached  before  the  free  electron  concentration  becomes  too  large  and 
leaves  no  chance  to  balance  the  strong  refraction. 

A  combination  of  two  factors,  a  sharp  dependence  of  the  ionization  rate  and  a  strong  saturation,  allows  us 
to  compose  a  simple  analytical  model  for  the  self-guiding^.  Assuming  the  electron  concentration  to  be  saturated 

-2  N 

at  a  level  Nq  everywhere  inside  the  induced  plasma  waveguide  with  the  radius  a,  so  that  (Aq^)  ^  «  — —  «  1 , 

^cr 

we  obtain  for  the  spatial  decrement  h  of  the  self-trapped  leaking  mode  the  following  expression 


where  =  ay/ c  and  N^^.  -  may'll Ane'^  .  For  a  quite  powerful  laser  pulse  focused  on  the  gas  in  a  spot  with  the 
size  a^  we  expect  that  the  ionized  region  is  wider  than  the  radiation  beam,  a  >  oq.  The  ratio  of  the  leakage 
distance  z*  -  \/h  to  the  free-space  Rayleigh  length  Zd  can  be  presented  in  the  form 
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This  expression  demonstrates  the  physical  requirements  for  the  long  distance  channeling  » l) 

We  have  also  performed  a  detailed  computational  study  of  the  new  self-guiding  effect.  For  the  optical  field 
with  the  scalar  complex  amplitude  E  in  the  paraxial  approximation  we  have  used  the  equation 


dE  d^E  d^E  Ane'^N 
2ikQ  0^2  ^^2 


E+ikrE  =  0 


(3) 


that  includes  the  factors  of  diffraction  in  the  transverse  (x,  y)  directions,  ionization  nonlinearity,  and  dissipation 
due  to  the  plasma  production.  The  electron  density  N  has  been  governed  by  a  simple  dynamical  equation 

(4) 

z 

that  describes  the  ionization  with  the  field-dependent  rate^|£:i),  saturated  at  the  level  The  time  t  =  t--— 

Vgr 

has  been  counted  from  the  pulse  arrival  at  a  given  point  along  the  propagation  path  z.  Below  we  present  some 
results  in  the  case  of  tunneling  ionization  with  the  well  known  dependence  of  the  ionization  frequency  on  the 
field  amplitude^ 

f{\E\)  =  — 

_E 
Ea 

The  values  of  the  atomic  field  E^,  the  quantum  number  n,  and  the  fi-equency  7  may  range  in  wide  intervals 
dependent  on  the  concrete  kind  of  the  ionized  species.Here  we  present  the  results  obtained  for  7  =1.2- 10  /xq, 
n=3,  NQ  =  9.5  kQa^Ncr’  ^^e  collimated  incident  laser  pulse  with  the  Gaussian  temporal  and  transverse 


distributions  of  intensity  |£|^(z  =  0,x:,y,x)  =  O.lbf'lexp 


x2  +  y2  2x^ 

2«o  ‘^0  . 


In  Fig.  1-3  the  transverse  distribution  of  the  field  intensity  in  the  middle  of  the  temporal  profile,  the 
transverse  distribution  of  the  plasma  density  after  the  pulse  passage  and  the  radiation  frequency  shift  averaged 
over  the  whole  profile  at  each  cross-section  point  are  shown  for  different  distances  from  the  gas  boundary.  The 
field  intensity  at  the  axis  in  the  middle  of  the  pulse  is  demonstrated  in  Fig.4  versus  the  distance  z.  In  these 
pictures  the  self-trapping  of  the  ionizing  laser  pulse  in  the  induced  cylindric  plasma  channel  is  distinctly  seen. 
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Fig.  1  Transverse  distribution  of  the  field  intensity 
in  the  plasma  channel  for  different  propagation 
distances  z  measured  in  Rayleigh  lengths 
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Fig  2.  Transverse  distribution  of  plasma  density  in 
the  channel  for  different  distances  z  measured  in 
Rayleigh  lengths. 
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Fig.3  Radiation  frequency  shift  averaged  over  the 
temporal  pulse  profile  at  different  z  measured  in 
Rayleigh  lengths. 


z 

Fig.4  Field  intensity  at  the  axis  of  the  channel  in 
the  middle  of  the  temporal  profile  of  the  pulse  as  a 
function  of  propagation  distanse  z  measured  in 
Rayleigh  lengths. 


The  self-guiding  effect  under  the  investigation  is 
characterized  by  several  remarkable  features.  First  of 
all  it  concerns  the  form  of  the  plasma  filament.  Due  to 
the  decrease  of  the  intensity  caused  by  the  wave 
leakage,  the  area  of  the  cross-section,  occupied  by  the 
field  capable  of  strong  ionization,  is  gradually 
narrowing.  As  a  result  with  receding  from  the 
boundary  the  plasma  filament  becomes  thinner  (sec 
Fig.2)  and  takes  ultimately  the  form  of  a  sharpened 
needle.  Hence,  the  decrease  of  the  energy  transmitted 
through  the  nonlinear  guide  is  accompanied  by  a 
narrowing  of  the  channel  itself,  which  is  rather  unusual 
for  self-guiding  waves. 

Another  important  feature  that  can  be  proved 
directly  in  an  experimental  observation  is  a  specific 
transverse  distribution  of  the  frequency  shift  acquired 
by  the  guided  wave.  It  is  well  known  that  any  group 
element  of  the  wave  producing  ionization  experiences 
a  blue  shift  of  the  frequency^ In  the  central  part  of 
the  channel  (near  the  axis),  a  strong  blue  shift  is 
acquired  only  at  the  leading  front  of  the  pulse  due  to 
gas  ionization  to  the  saturation  level  whereas  the  rest 
major  part  of  the  pulse  propagates  at  a  fixed  frequency 
in  the  pre-formed  plasma.  On  the  contrary,  at  the 
periphery  of  the  channel  the  radiation  increases  the 
frequency  due  to  a  gradual  ionization  over  the  time  of 
the  full  pulse  duration.  If  one  evaluates  the  frequency 
shift  averaged  over  the  pulse  at  different  positions 
from  the  axis,  a  frequency  gradient  directed  toward  the 
channel  periphery  will  be  readily  seen.  This  effect  is 
even  more  pronounced  if  we  take  into  account  that 
short-scale  (i.e.  high  frequency)  components  trapped  in 
the  channel  have  a  greater  leakage  coefficient  at 
reflection  from  the  sharp  plasma  boundary  as 


compared  to  the  large-scale  transverse  components.  These  two  factors  results  in  a  remarkable  effect:  the 
radiation  frequency  averaged  over  the  pulse  at  the  axis  of  the  channel  is  decreasing  in  spite  of  the  strong 
ionization  whereas  the  radiation  propagating  at  the  channel  periphery  is  essentially  blue-shifted  (see  Fig.3). 

Summarizing,  we  have  proposed  and  described  an  unusual  opportunity  for  self-guiding  of  an  ultrashort 
laser  pulse  without  a  focusing  nonlinearity.  This  effect  is  attributed  to  the  specific  properties  of  ionization 
nonlinearity  in  the  superstrong  optical  fields  and  is  promising  for  creating  long  distance  plasma  channels  for 
applications. 
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The  recent  development  of  compact  high-peak-power  lasers  has  spurred  renewed  interest 
in  electron  acceleration  by  the  use  of  the  ultrahigh-electric-field  gradients  of  laser-driven 
plasma  waves  [1].  In  fact,  the  field  gradient  of  a  plasma  wave  has  recently  been  demonstrated 
to  exceed  that  of  an  RF  linac  by  four  orders-of-magnitude  {E  >  200  GV/m)  and  has  been 
used  to  accelerate  electrons  with  over  1-nC  of  charge  per  bunch  in  a  low-emittance  beam  (1 
mm-mrad)  [2].  However,  the  energy  spread  of  such  beams  is  100%,  due  to  the  method  of 
injection,  which  is  self-trapping  of  background  electrons  with  random  phases  with  respect  to 
the  accelerating  buckets.  In  order  to  reduce  this  energy  spread,  it  is  generally  thought  that 
the  required  pre-acceleration  can  only  be  accomplished  with  a  conventional  RF  linac.  The 
difficulty  is  that  the  wakefield  accelerating  buckets  are  30  fs  in  duration  and  the  injection 
bunch  must  be  a  small  fraction  of  that.  The  shortest  pulses  from  laser- triggered  photocathode 
RF  guns  are  much  longer,  currently  0.5  ps  in  duration,  and  have  jitters  of  more  than  a 
picosecond.  Besides,  RF  linacs  are  large  and  expensive. 

We  show  instead  that  the  problem  can  be  simply  solved  with  an  additional  laser  pulse, 
derived  with  a  beamsplitter  from  the  same  laser.  The  basic  idea  is  that  once  a  laser  wakefield 
is  excited  by  one  laser  pulse  (the  pump  pulse),  a  second  injection  pulse  can  then  be  used 
to  locally  alter  the  trajectories  of  some  of  the  plasma  wave  electrons  such  that  they  become 
in  phase  with  the  wave’s  electric  field  and  thus  accelerated  to  the  trapping  velocity  [3]. 
The  injection  pulse  acts  as  a  switch,  turning  on  the  injection  at  just  the  right  time  and 
thus  producing  the  requisite  low  electron-energy-spread.  We  refer  to  the  concept  as  Laser 
Injected  Linear  Accelerator  (LILAC).  Besides  the  aforementioned  advantages,  improved 
electron  beam  emittance  may  result  from  the  increased  field  gradient  in  the  first  acceleration 
stage,  by  minimizing  the  time  during  which  electrons  are  non-relativistic  and  thus  most 
susceptible  to  space  charge  effects.  In  fact,  since  the  emittance  scales  inversely  with  the  field 
gradient,  in  theory  the  beam  emittance  can  may  be  four  orders-of-magnitude  lower  than  a 
conventional  RF  gun.  Both  the  energetic  electrons  and  the  high-energy  photons  into  which 
they  can  be  converted  have  numerous  industrial,  medical  and  scientific  applications.  For 
instance,  this  technique  produces  a  single  ultrashort-duration  (fs)  electron  or  x-ray  pulse 
(without  the  need  for  pulse  selection  or  beam  compression),  which  is  synchronized  with  an 
ultrashort  laser  pulse,  and  thus  suitable  for  the  study  of  ultrafast  dynamics  on  femtosecond 
timescales. 

Several  geometries  have  been  considered,  collinear  and  orthogonal  injection  [3].  The 
dephasing  comes  about  by  the  action  of  the  ponderomotive  force  of  the  injection  laser  and/or 
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it’s  Wakefield.  We  present  the  results  of  fully  relativistic  numerical  particle-in-cell  (PIC) 
code  computer  simulations,  which  include  collective  effects.  The  latter  are  either  one  or  two 
dimensional  spatially  and  three  dimensional  in  velocity  space. 

The  pump  pulse  has  wavelength  i.o 
1  //m,  and  pulse  length  10  //m,  or  33  °  " 

fs.  The  injection  pulse  is  linearly  po-  ^ 
larized  such  that  its  magnetic  field 
is  set  to  be  parallel  to  that  of  the 
pump  pulse.  The  injection  pulse  has 
a  spatial  profile  given  by  a  Gaussian  i.o 

shape  with  a  spot  radius  of  5  /im.  0.5 
The  spatial  domain  size  for  the  sim-  ^  0  0 

ulation  is  10 A^.  A  simulation  was  -0,5 
run  with  ao  =  1  =  0.7).  The 

position  and  the  intensity  of  the  in¬ 
jection  pulse  were  varied  in  order  to 
find  the  optimal  trapping  threshold  Figure  1:  (a)  Velocity  of  an  electron  in  the  plasma 

intensity.  Fig.  1  shows  the  velocity  wave  without  injection  pulse  and  (b)  velocity  of  an 

of  one  of  these  trapped  electrons  as  electron  that  becomes  trapped  plotted  as  a  func- 

a  function  of  time,  along  with  the  tion  of  time  (in  unit  of  a  plasma  period  r^). 

phase  space  trajectory  plotted  in  the 

inset  of  Fig.  1.  A  value  of  6th  =  1-6  was  found  by  increasing  60  until  we  obtain  one  or  more 
trapped  electrons.  As  can  be  seen  in  Fig.  1,  the  gradual  velocity-dephasing  along  the  r 
direction  by  the  injection  pulse  gave  the  electron  enough  boost  for  trapping. 
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Figure  2:  A  PIC  simulation  with  an  injection  pulse 
of  bo  =  2.0;  shown  are:  the  pump  intensity  a,  the 
wake  field,  and  the  longitudinal  momentum  (7/^)2 
of  a  number  of  the  simulation  electrons. 


Fig.  2  shows  the  output  from 
a  simulation  with  60  =  2;  shown 
are:  the  pump  intensity  a,  the  wake- 
field,  and  the  longitudinal  momen¬ 
tum  {'yp)z  of  a  number  of  the  simula¬ 
tion  electrons.  The  field  of  the  pump 
and  the  wake  are  normalized  to  the 
quiver  velocity.  The  pulse  width  of 
the  injection  pulse  is  equal  to  r^. 
The  normalized  momentum  (7/3)^ 
distinguishes  the  electron  beam  from 
fast  background  electrons.  Electrons 
that  are  not  trapped  by  the  second 
bucket  (circled),  70  fs  behind  the 
pump  pulse,  fall  into  the  next  buck¬ 
ets.  The  plasma  wave  appears  to  be 
damped  by  beam  loading.  The  av¬ 
erage  field  gradient  is  0.85  GeV/cm, 


which  is  85%  of  the  maximum  field  gradient,  1  GeV/cm.  Of  course,  a  longer  acceleration 
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distance  results  in  a  narrower  energy  spread,  both  in  absolute  terms  (from  bunching)  and 
relative  terms,  from  higher  final  energies.  For  instance,  the  trapped  electrons  eventually  ob¬ 
tain  an  average  energy  of  100  MeV,  with  an  energy  spread  of  0.3%.  We  estimate  a  value  of 
greater  than  10^  for  the  number  of  trapped  electrons.  In  another  simulation,  by  use  a  second 
anti-resonant  pump  pulse  to  create  only  a  single  acceleration  bucket,  we  have  eliminated 
the  electrons  that  get  trapped  in  the  later  buckets.  The  lilac  electron  beam  parameters  are 
summarized  in  Table  1. 


.167r  mm-mrad 

^11 

.3  X  10“®  eV-sec 

n 

1.3  fs  (.4  //m) 

AE/Emoo  MeV 

0.3% 

ni 

1.5  X  lO’^  per  bunch  (2  pC) 

Table  1:  A  summary  of  lilac  electron  beam  parameters. 
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We  review  here  our  recent  work  on  the  formation  of  extremely  powerful  near-  and  subfem¬ 
tosecond  (sub-  fs)  pulses  based  on  two  new  principles: 

□  The  phase-locking  [1]  of  multiple  components  of  stimulated  cascade  Raman  scattering 
(CSRS),  that  can  produce  an  almost  periodic  train  of  powerful  sub-  fs  pulses,  with  pulses 
as  short  as  ~  0. 2  fs  and  spaced  by  -  8  /s. 

□  The  generation  of  powerful  "EM-bubbles"  (EMBs)  [2],  unipolar  very  short  solitary  pulses  of 
EM-radiation  propagating  in  a  gas  of  two-level  or  classically  nonlinear  atoms.  This  effect 
can  generate  a  single  EMB,  or  a  few  EMBs  with  controllabe  parameters,  easily  separable 
into  individual  EMBs. 

Using  available  sources  [lasers  and  existing  half-cycle  pulses  (HCPs)  in  terahertz 
domain],  one  can  attain  - 1 0"^®  s  (or  -  0. 1  fs)  long  pulses  with  the  intensities  up  to 
VJ/cm^.  These  are  sub-cycle  (in  particular,  unipolar,  or  half-cycle)  solitons  or  soli- 
ton-like  pulses  which  can  exist  in  both  quantum  and  classical  nonlinear  systems.  Most  of  them 
were  obtained  as  the  exact  solution  of  full  ID  Maxwell  and  full  either  Bloch  (without  rotating 
wave  approximation)  or  nonlinear  classical  oscillator  equations. 

CSRS  (known  for  many  years  [3])  is  a  process  whereby  laser  light  with  the  frequency  to^, 
propagating  in  the  Raman-active  medium  with  the  Raman  frequency,  6)k,  cor  « ry^,,  excites 
many  cascade-induced  Stokes  and  anti-Stokes  components  with  the  frequencies 

coj  =  (Oi+  j(i)R ;  j  =  ±1,  ±2,  ±3. , . . 

The  idea  of  using  multi-frequency  CSRS  for  generating  sub- fs  pulses  is  based  on  CSRS  hav¬ 
ing  tremendously  broad  spectrum,  with  up  to  -15-20  equidistant  lines  being  spread  from  far 
infrared  to  very  far  ultraviolet,  and  having  very  high  (up  to  40%)  conversion  efficiency.  If  all 
these  CSRS  components  were  properly  phased-locked,  this  broad  spectrum  radiation  could 
result  in  time-domain  in  the  train  of  sub-  fs  pulses,  with  each  of  individual  pulses  having  the 
length  (time  duration)  of  the  order  of  half-cycle  of  the  highest-frequency  component,  ©max 
(which  can  be  much  shorter  the  cycle  length  of  the  pump  radiation),  and  extremely  high  inten¬ 
sity.  This  sub-/s  pulse  train  would  then  have  spacing  Ar  between  pulses,  the  length  of  an  indi¬ 
vidual  pulse,  Tp,  and  (ideally)  the  ratio  of  the  pulse  intensity,  Ip,  to  that  of  a  laser,  /f,,  as: 

^x^k/cor;  Xp^KlOi^;  (1  pH  l)  ~  io^max!  (»r?  • 

The  main  problem  to  be  solved  is  to  "lineup"  the  multiple  CSRS  components,  i.  e.  to 
phase-lock  them  and  force  them  to  propagate  with  the  same  group  velocity  to  overcome  walk- 
off  effect.  All  the  participating  CSRS  components  interfere  coherently  only  if  they  overlap  in 
space/time  over  sufficiently  long  path;  however,  their  linear  group  velocities  over  such  a  large 
spectral  stretch  can  be  substantially  different,  which  may  result  in  a  strong  walk-off  effect. 

We  have  recently  shown  [1 ,4]  that  this  problem  can  be  solved  by  the  feasible  formation  of 
multi-component  CSRS  solitons,  whereby  all  the  CSRS  components  are  mode-locked  within  a 
2n  soliton  (a  multi-photon  generalization  of  self-induced  transparency  solitons),  and  thus  they 
propagate  with  the  same  group  velocity.  These  solitons  have  a  new,  Lorentzian  intensity  pro¬ 
file,  the  same  for  all  the  CSRS  components.  (Note  that  all  the  frequency  components  of  the 
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new  soliton  are  so  called  bright  solitons.)  The  set  of  the  Maxwell  equations  for  the  field  compo¬ 
nents  interacting  through  the  Raman  transition,  and  the  Bloch  equations  generalized  in  applica¬ 
tion  to  multiple  two-photon  processes,  were  solved  by  us  analytically  [1].  In  general,  they  give 
rise  to  a  rich  family  of  solutions:  solitary  waves,  stationary  traveling  fronts,  bright  and  dark  soli¬ 
tons,  periodic  stationary  waves,  etc.  Bright  solitons  are  fundamental  eigensolitons  of  this  faniily 
of  solutions.  In  the  case  of  hydrogen  gas  (with  Xq~2.4  nm)  pumped  by  the  third  harmonics 
of  Ti:Sapph  laser  «  0. 28  urn),  exciting  12  CSRS  components,  the  total  mode-locked  field 
consists  of  the  train  of  sub- fs  pulses,  each  -0.2  fs  long,  spaced  by  -8  /s  and  having  the  peak 
intensity  of  up  to  10^^  - 10^^  W/cm^. 

The  cross-sections  of  stimulated  Raman  scattering  (and  CSRS)  are  directly  related  to  the 
probability  of  two-photon  interactions,  and  thus  to  the  quantum  levels  other  than  (two-level) 
Raman  transition  (for  example,  SRS  is  prohibited  in  an  ideal  two-level  atom);  furtherrnore,  they 
are  most  efficient  when  the  resonant  dipole  interaction  of  light  with  Raman  transition  is  prohib¬ 
ited.  However,  two-level  systems  with  strong  dipole  momentum  that  can  be  excited  by  EM-field 
directly  through  a  single-photon  interaction,  proved  to  be  equally  capable  of  producing  high- 
intensity  non-envelope  EM-pulses. 

We  showed  [2]  that  atomic  gasses  can  support  solitary  pulses  of  unipolar,  non-oscillating 
EM-field  ("EM-bubbles")  of  up  to  atomic  and  even  larger  amplitude  with  their  length  ranging 
from  - 1 0"’  s  to  - 1  s,  which  propagate  without  dispersion  and  are  stable  and  Insensitive  to 
the  change  of  gas  density.  As  a  result  of  nonlinear  propagation  in  two-level  media,  these 
pulses  can  be  transformed  into  single  non-envelope  solitons.  The  theory  of  these  pulses  based 
again  on  full  Maxwell  equation  and  full  Bloch  equations  for  two-level  system  (solved  exactly, 
without  using  rotating  wave  approximation,  similarly  to  super-driven  two-level  atom  [5]),  gives 
exact  soliton  solution  for  these  pulses  [6],  [2]).  However,  the  use  of  a  two-level  model  is  limited 
by  the  amplitudes  smaller  than  an  atomic  unit. 

As  the  EMB  field  approaches  the  atomic  field,  the  ionization  potential  dominates  the  EMB 
formation,  limiting  EMB  length  and  amplitude.  With  the  amplitudes  approaching  photoioniza¬ 
tion,  the  atom  can  be  considered  as  an  almost  classical  object,  with  the  appropriately  chosen 
potential.  In  this  case  Bloch  equations  are  to  be  replaced  by  a  classical  equation  for  the  elec¬ 
tron  motion.  We  have  found  analytical  soliton  solution  (in  quadratures)  for  an  arbitrary  classi¬ 
cal  potential.  A  rough  idea  about  feasible  numbers  can  be  given  by  an  example  with  a  classical 
"box"  potential  of  the  ionization  potential  Uq,  and  the  width,  2xo.  The  EM-bubble  maximal  field 
strength,  E^,  and  shortest  pulse  length,  r^in.  due  to  over-the-barrier  ionization,  are  then: 

r^  =  (xo/cy{m^cyw~o ;  E^  =  Uo/exo; 

which  for  JCo  =  iA  and  Uo  =  13eV  gives  E^~  1.3x10^  eV/cm  {I  ~  5x10^^  W/cm^), 
and  t^~0.5x10~^^  s.  For  an  atom  with  a  given  Uq  and  atomic  number,  Z,  we  have 
Xo  -  r,Z(mc^/Uo),  and 

tmin  ~  {2r,Z/c)  X  (mc^/Uof^  /  and  E^  ~  (Uglmc^)^  x  ( mc^/er,Z); 

here  r,  =  e^/nigC^  is  the  classical  electron  radius.  Assuming  Uo  ~  24  eV  and  Z=2,  as  in  He, 
one  obtains:  ~0.1  fs,  E^  -2x10®  V/cm. 

One  of  the  ways  to  generate  EMBs  is  to  use  existing  HCPs  to  launch  much  shorter  EMBs 
in  a  nonlinear  medium.  We  found  that,  given  the  amplitude,  Eq,  and  length,  tg,  of  the  incident 
HOP,  a  threshold  (minimal)  amplitude  of  HCP  required  to  attain  a  single  EMB,  is  Ea„.  =  2n/tod , 
where  rf  is  a  dipole  moment  of  a  two-level  system;  for  Xe  and  tg  -  4Q0  fs,  Ea,r»60  KVIcm. 
In  our  most  recent  work  [7]  we  showed  that  the  strongest  (and  fastest)  EMB,  EMB-precursor, 
has  its  amplitude,  Eg^fB,  and  length,  tg^B^  ss: 

^EMB  *  3Eg  —  Eihr  >  ^EMB  ~  ^0  ^  (tgEgd/H  —  1)  . 
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Thus,  to  attain  intense  and  short  EMBs,  there  is  no  need  to  use  a  very  short  incident  HCP 
pulse;  the  only  prerequisite  is  a  sufficiently  high  amplitude  of  HCP.  We  also  found  that,  in  the 
case  when  more  than  one  EMB  is  generated,  their  total  number  is  proportional  to  the  incident 
HCP  area,  Eoto,  and  the  distance  of  the  first  EMB  formation  is  inversely  proportional  to  Eq. 

We  have  found  that  atomic  gasses  can  also  support  an  EM  shock  wave  (a  precursor  of 
rfc-ionization),  with  its  amplitude  close  to  the  atomic  unit.  We  found  an  exact  solution  for  such  a 
wave  and  showed  that  the  front  duration  can  again  be  in  the  vicinity  of  0. 1  fs.  A  shock-like 
wave  can  appear  even  in  a  non-ionizing  wave,  if  the  number  of  EM-bubbles  is  sufficiently  large 
(more  than  6-8);  moving  with  different  speeds,  the  EM-bubbles,  due  to  constructive  interference 
form  a  semblance  of  shock  wave,  which  after  some  distance  breaks  info  individual  EM-bubbles. 

The  domain  of  sub- fs,  EM-pulses  of  non-oscillation  nature,  with  the  intensities  approach¬ 
ing  or  exceeding  1  au,  is  largely  new  and  unchartered  territory.  The  familiar  effects  associated 
with  coherent  light-matter  interactions  are  likely  to  take  on  entirely  different  forms.  We  demon¬ 
strated  recently  [8,9]  the  feasibility  of  a  qualitatively  new  quantum  effect,  backward  and  multi¬ 
echo  field  ionization,  in  the  interaction  of  new  pulses  with  atoms  and  quantum  wells.  We 
explain  this  effect  [8,9]  by  a  simpie,  "resonator-like"  picture  of  the  phenomenon. 

Feasibie  applications  of  new  "superpulses"  range  from  research  tools  and  novel  spectro¬ 
scopies  to  medical  imaging  and  other  X-ray-emulating  imaging  techniques.  We  briefly  discuss 
time-resolved  spectroscopy  of  transient  chemical  processes,  e.  g.  dissociation  and  autoioniza¬ 
tion  “  on  a  ^  time  scale,  in  particular,  quantum  control  of  chemical  transformation;  frequency 
upconversion  due  to  large  Doppler  shift  of  a  counter-propagating  light  backscattered  by  high- 
gradient  refractive  index  in  superpulses  or  shock  waves;  a  "global"  spectroscopic  technique  via 
a  shock-like  excitation  across  the  entire  atomic  spectrum;  the  ionization  by  a  pulse  shorter  than 
the  orbital  period  which  would  bridge  a  gap  between  conventional  field  ionization  and  coilisional 
ionization  by  a  particle,  etc.  Based  on  differential  transparency  for  these  new  pulses,  new 
imaging  techniques  can  be  envisioned,  such  as  monitoring  of  processing  of  high-density  com¬ 
puter  chips,  screening  food  products  and  luggage  in  the  airports  and  concealed  weapons; 
medical  tomography,  etc.  With  8  fs-spaced  trains  of  superpulses  one  can  also  envision  Peta- 
hertz  time-domain  spectroscopy;  stroboscopic  imaging  of  the  expansion  of  solid-density  laser 
plasma  for  the  diagnostics  of  inertially-confined  fusion  and  X-ray  lasing;  X-ray  production  at  sur¬ 
faces  by  sub-/s-pulses  {via  formation  of  fast  electrons  and  Bremsstrahlung  radiation  of  these 
electrons  in  solids).  These  pulse  trains  hold  also  a  promise  of  communication  speed  approach¬ 
ing  Terabit/s  (lO^^bit/s). 

This  work  is  supported  by  AFOSR.  AEK  is  also  a  recipient  of  Alexander  von  Humboldt 
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Recently,  we  have  proposed  two  avenues  to  generating  ultrashort  (potentially,  sub¬ 
femtosecond)  and  intense  (up  to  atomic  fields)  nonoscillating  pulses:  a  high-repetition  train  of 
such  pulses  can  be  produced  in  multicomponent  stimulated  Raman  scattering  [1],  and  a  single 
pulse  ("electromagnetic  bubble"  --  EMB)  or  several  of  them  can  result  [2,3]  from  the  propaga¬ 
tion  of  an  initially  broad  unipolar  pulse  (half-cycle  pulse  -  HCP  [4])  in  an  appropriate  nonlinear 
medium.  Such  pulses  could  cause  a  substantial  "shake-up"  excitation  or  ionization  of  an 
atomic  system  within  the  time  much  smaller  than  any  characteristic  time  of  the  system.  These 
"superpulses"  would  open  a  new  chapter  in  nonlinear  optics  and  atomic  and  molecular  physics, 
both  as  a  new  probing  tool  and  a  source  of  new  effects.  In  the  present  paper,  we  consider  one 
of  them:  backward  and  multi-echo  field  ionization  [5]. 

According  to  the  above  definition,  the  HCPs  [4],  with  their  duration  of  about  half  of  a 
picosecond,  could  be  approximated  as  superpulses  for  highly  excited  Rydberg  atoms.  In  fact, 
research  on  HCP  ionization  of  Rydberg  atoms  [4,6]  has  already  revealed  many  drastic  differ¬ 
ences  with  atomic  ionization  by  oscillating  optical  fields.  Superpulses  capable  of  impulse-field 
ionization  of  a  single  low-lying  atomic  eigenstate  may  produce  new  effects  of  essentially  quan¬ 
tum  nature.  One  such  effect  is  multiple  ionization  "echoes";  we  theoretically  show  that  photo¬ 
electrons  born  by  unipolar  superpulse  field  ionization,  would  be  emitted  in  several,  well- 
separated  in  space  and  time  bunches,  in  both  forward  and  backward  directions. 

As  the  most  fundamental  example,  we  consider  a  hydrogen  atom  ionized  from  its  ground 
state  by  an  EMB.  Treating  the  interaction  as  instantaneous,  and  therefore  modeling  the  electric 
field  of  the  pulse  by  the  Dirac  5  -function,  E  =  E(,  5(t),  one  immediately  obtains  a  simple  rela¬ 
tion  between  the  initial  (before  the  pulse,  at  <=0  -),  'Fq,  and  "after-kick",  'F,  wavefunctions  as 

4'(r ,  0+)  =  exp(iqr)^o(?,  0-),  $  =  Eo,  (1 ) 

where  q  is  the  momentum  transfer  in  atomic  units.  The  modifying  term,  exp(iqr),  is,  in  fact, 
independent  of  the  particularities  of  the  quantum  system,  due  to  <y-kick  [7],  and  was  used  in  so- 
called  impulse  approximation  in  collision  theory  and  lately  in  the  theory  of  HCP  ionization  [8,9]. 
Further,  after-kick,  evolution  of  the  wavefunction  'F(r ,  0+)  is  determined  by  the  unperturbed 
Coulomb  hamiltonian  Hn.  In  particular,  the  spatial  density  of  the  photoeiectron  cloud  is 
described  by  t)r,  the  wavefunction  'Fjo„(r,  t)  being  determined  by  the  exact  (within 

the  impulse  approximation)  expression: 
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'^ioni r,t)  =  ^d ica^i ic  r)  exp(-itk^/2)  ,a^(k)  =  ^  rfr  r,  (?+)  (2) 

where  's  an  eigenfunction  of  Hq  for  the  positive  energy  k^l2.  Calculated  according  to 

Eq.  (2),  the  spatial  distribution  of  the  photoelectrons  along  the  direction  of  the  momentum  trans¬ 
fer  is  shown  in  Fig.  la  at  t=5  a.u.  after  the  superpulse  with  Eo  =  0.4  a.u.  and  duration 
To  « la.  u.  interacted  with  a  hydrogen  atom  in  the  ground  state.  One  can  easily  see  a 
sequence  of  well-separated  peaks  resulting  in  strong  spatio-temporal  inhomogenuity  of  the 
photoelectron  cloud.  These  multiple  ionization  echoes  may  be  observed  using  e.  g.  the  imag¬ 
ing  technique  [1 0]. 

Another  example  considered  by  us  is  an  electron  in  a  one-dimensional  quantum  well.  The 
superpulses  required  could  be  relatively  long  for  shallow  wells.  In  Fig.  1b,  a  distinctive  double¬ 
echo  is  seen  in  the  computer  simulation  of  the  ionization  of  an  electron  from  the  ground  state  of 
a  model  quantum  well  (0.1  eV  deep,  240  A  wide),  by  a  4  fs-long  unipolar  pulse  of  550  kV/ciw 
amplitude. 

This  effect  can  be  explained  by  a  simple,  "resonator-like"  picture  of  the  phenomenon. 
Immediately  after  a  5-kick,  the  wavefunction  corresponds  to  a  moving  particle  with  the  average 
momentum  determined  by  the  momentum  transfer.  The  consequent  (quantum)  motion  of  this 
particle  is  in  effect  a  chain  of  scatterings  off  the  walls  of  the  atomic  potential.  During  each  scat¬ 
tering,  part  of  the  wavefunction  "splashes  out"  over  the  edge  of  the  potential,  which  is  reminis¬ 
cent  of  the  short  EM  pulse  part  of  which  is  radiated  away  through  a  semi-transparent  mirror  of  a 
resonator.  This  creates  an  electron  bunch  propagating  in  "forward"  direction.  At  the  same  time, 
part  of  the  wavefunction  is  reflected,  leading,  after  the  next  scattering,  to  a  bunch  propagating 
in  the  opposite,  backward,  direction.  This  results  in  a  series  of  photoelectron  peaks  moving 
alternatively  in  the  forward  and  backward  directions,  with  steadily  diminishing  amplitudes. 

In  conclusion,  we  demonstrate  the  feasibility  of  a  qualitatively  new  quantum  effect,  back¬ 
ward  and  multi-echo  field  ionization,  in  the  interaction  of  superpulses  with  atoms  and  quantum 
wells. 

This  work  is  supported  by  AFOSR;  AEK  is  a  recipient  of  Alexander  von  Humboldt  Award 
by  the  AvH  Foundation  of  Germany. 
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Fig.  1.  Multiple  ionization  echoes  in  superpulse  ionization. 

(a)  Spatial  distribution  of  the  photoeletrons  along  the  direction  of  the  momentum  transfer  at 
t=S  a.  u  after  the  ionization  of  a  ground-state  hydrogen  atom  by  a  superpulse  with  the  ampli¬ 
tude  Eo  =  0,4  a.u.  and  duration  to  «  i  a. «..  The  atom  is  located  at  z = 0. 

(b)  One-dimensional  photoelectron  distribution  after  superpulse  ionization  of  an  electron  from 
the  ground  state  of  a  model  quantum  well  (0.1  eV  deep,  140  A  wide)  by  a  4  fs-long  unipolar 
pulse  of  SSO  k\lcm  amplitude,  x  is  in  units  of  well  width,  the  well  is  located  at  x=0. 
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Femtosecond  high  power  laser  systems  offer  the  posibility  to  create  plasmas  with  high  electron 
densities  and  short  scale  lengths  at  relatively  moderate  energies.  One  possible  application  of 
such  lasers  is  the  recently  proposed  ’fast  ignitor’  [Tab94].  The  basic  idea  of  this  scheme  is  to 
seperate  the  compression  phase  from  fuel  ignition  that  leads  to  lower  requirements  on  the  driver 
lasers.  After  compressing  the  fuel  by  a  factor  of  several  hundred  the  ignition  is  performed  by  a 
burst  of  electrons  that  are  created  by  an  intense  subpicosecond  laser  pulse.  Such  suprathermal 
electrons  can  be  produced  by  several  mechanisms.  For  laser  intensities  where  the  quiver  energy 
equals  or  even  exceeds  the  electron  rest  energy  m^c^,  relativistic  effects  become  important.  Now 
magnetic  fields  are  no  longer  negligible  and  the  longitudinal  component  of  the  Lorentz  force 
accelerates  electrons  in  the  longitudinal  direction  [Wil92].  The  experiments  were  performed 
with  the  frequency  doubled  PI 02  laser  at  CEA/L-V  in  Limeil.  The  laser  delivers  up  to  8  J  in 
about  300  to  400  fs  at  528  nm.  The  conrast  ratio  is  better  than  10^^,  therefore  no  preplasma, 
even  at  the  highest  intensity,  is  created  on  the  target  surface  before  the  main  pulse.  The  pulses 
were  focused  using  an  off-axis  parabola  leading  to  a  minimum  focal  spot  size  of  5  pm.  The 
central  spot  contained  about  20  %  of  the  full  energy  on  target,  the  maximum  intensity  there¬ 
fore  was  about  2- 10^^  W/cm^  .  The  remaining  part  of  the  energy  is  distributed  over  a.  large  spot. 


I 


For  the  absorption  measurements  the  targets 
were  0.9  /xm  aluminium  evaporated  on  glass 
substrates.  The  absorption  measurements  we¬ 
re  performed  for  s-  and  p-polarized  light  and 
for  a  variety  of  angles  of  incidence.  The  frac¬ 
tion  of  the  absorbed  energy  was  determined 
by  measuring  1)  the  fraction  of  backscattered 
light  2)  of  specular  reflected  light  and  3)  of 
diffuse  reflected  light.  The  diffuse  reflected 
light  was  collected  by  an  Ulbricht  sphere  and 
the  linearity  of  the  sphere  has  been  carefully 
checked  prior  to  the  measurements. 

The  absorption  at  2-10^^  W/cm^  for  the  diffe-  angle  [deg] 

rent  directions  of  polarization  is  only  slightly 

different  and  peaks  at  25  deg  reaching  values  Figure  1:  Absorption  as  a  function  of  the  angle 
of  about  40  to  45  %  for  p-polarized  light  (see  of  incidence  for  s~  and  p-polarized  light. 
figure  1).  In  figure  2  the  ratio  of  diflfuse  and  specular  reflected  light  as  a  function  of  the  incident 
laser  intensity  is  displayed. 
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The  plot  contains  all  data  points  measured  at  22.5  and  45  deg  for  s-  and  p-polarized  light.  It 
can  be  seen  that  the  fraction  of  the  diffuse  reflected  light  increases  dramatically  with  intensity 
indicating  that  holeboring  may  play  an  important  role. 

In  order  to  characterize  the  bursts  of  suprat- 
hermal  electrons  produced  during  laser  irra¬ 
diation  two  detector  arrangements  were  used. 

First  a  0.4  to  3  MeV  electron  spectrometer 
with  six  channels  where  the  energy  window  of 
each  channel  is  about  100  keV.  Second,  a  ’von 
Hamos’  spectrometer  with  cylindrically  bent 
Lithiumfluoride  crystals  of  (200)  and  (420) 
orientation  was  used  to  measure  the  Kq,  emis¬ 
sion  of  thin  foil  targets.  The  targets  were  va¬ 
rious  combinations  of  thin  metal  foils.  For 
a  target  of  400  nm  aluminum  evaporated  on 
a  7.6  fim  copper  foil  and  assuming  a  Max¬ 
wellian  electron  distribution  the  temperature 
of  the  suprathermal  electrons  obtained  from 
is  420  keV.  The  total  number  of  electrons  is 


5.0x10^®  1.0x10^^  1.5x10^’  2.0x10’’  2,5xl0”  3.0xl0” 
intensity  [W/cm^] 


Figure  2:  Ratio  of  diffuse  reflected  and  diffuse 
plus  specular  reflected  light. 
about  10^  sr“^  and  the  total  energy  carried  by  the  electrons  is  estimated  to  0.6  mJ. 

In  order  to  characterize  the  suprathermal  electrons  by  detecting  the  Ka  emission  of  multi¬ 
layer  targets  [Rou92]  the  following  target  combinations  have  been  used:  Ni/Cu/Zn,  Zn/Ni/Cu, 
Cu/Zn,  and  Cu.  In  practice  the  experimental  results  were  compared  to  simulations  which  consi¬ 
der  the  Kct  line  production  by  electrons  penetrating  the  target  with  energies  from  10  keV  up  to 
1  MeV.  For  all  target  combinations  only  the  line  radiation  originating  from  the  top  layer  has 
been  observed.  Although  the  excitation  energy  of  the  K-shell  of  the  three  elements  is  different, 
for  all  lines  the  number  of  photons  emitted  from  the  target  was  on  the  order  of  0.7 . .  .1.5  •  10^^ 
photons  per  shot.  Due  to  the  fact  that  no  line  radiation  from  the  second  or  third  layer  has 
been  observed  and  assuming  the  electrons  are  penetrating  almost  perpendicular  with  respect  to 
the  target  surface,  the  energy  of  the  electrons  producing  the  major  part  of  the  x-ray  photons  is 
lower  than  60  keV  (top  layer:  Cu)  and  lower  than  90  keV  (top  layer:  Ni).  It  should  be  mentio¬ 
ned  that  the  number  of  electrons  observed  with  the  electron  spectrometer  is  to  low  to  produce 
enough  photons  which  could  be  detected  with  the  von  Hamos  spectrometer.  Even  if  one  assumes 
that  the  detected  electrons  belong  to  the  high  energy  wing  of  a  Maxwellian  distribution  with  a 
temperature  of  420  keV  their  number  is  to  small  to  produce  a  detectable  signal.  Taking  into 
account  an  average  conversion  efficiency  of  77  =  0.8  %  (for  the  conversion  of  electrons  between 
10  keV  and  90  keV  to  K«  photons,  which  is  the  result  of  the  simulation)  the  number  of  electrons 
produced  per  laser  shot  is  on  the  order  of  (0.9 . .  .1.9)  *  10^^.  From  that  it  is  possible  to  calcu¬ 
late  a  conversion  efficiency  of  the  absorbed  laser  energy  into  suprathermal  electrons  of  about 
50  %  and  a  conversion  efficiency  into  radiation  of  0.4  %.  This  result  might  be  explained 
by  the  fact  that  about  80  %  of  the  laser  energy  has  been  focussed  to  an  intensity  much  lower 
than  2  •  10^^  W/cm^  resulting  in  a  large  number  of  electrons  with  lower  energies  than  the  ones 
detected  by  the  electron  spectrometer.  Another  explanation  could  be  a  non-isotropic  emission 
of  the  suprathermal  electrons,  such  that  the  major  part  of  the  electrons  is  emitted  parallel  to 
the  target  surface. 

In  order  to  further  characterize  the  electrons  contributing  to  the  production  by  electron 
impact,  targets  consisting  of  two  layers,  namely  aluminum  (100  nm  to  1700  nm)  on  copper 
(7.6  pm  )  have  been  used.  The  Cu-K^  intensity  has  been  recorded  as  a  function  of  the  thickness 
of  the  aluminum  layer.  For  aluminum  layers  thicker  than  about  0.5  pm  no  Cu-K^  radiation  can 
be  detected.  This  result  would  be  consistent  with  the  simulations  if  the  energy  of  the  electrons  is 
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lower  than  15  keV.  But  in  this  case  the  extremely  small  conversion  efficiency  into  radiation 
would  yield  a  conversion  efficiency  of  laser  energy  to  electron  energy  in  excess  of  100  %.  An 
explanation  of  this  effect  could  be  that  there  is  a  strong  electron  velocity  component  parallel  to 
the  target  surface  which  was  also  observed  many  years  ago.  With  this  assumption  the  extracted 
electron  energy  can  be  much  larger  than  15  keV  and  the  conversion  efficiency  of  laser  energy  to 
electron  energy  would  be  on  the  order  of  the  observed  values. 

In  addition  to  the  above  mentioned  detectors  two  scintillator  arrangements  were  used  to  mea¬ 
sure  the  hard  x-ray  radiation  in  the  energy  range  of  60  keV  up  to  about  1  MeV.  Aluminum 
targets  evaporated  on  a  glass  substrate  were  used  under  various  angles  of  incidence  of  p-  and 
s-polarized  laser  light.  The  measurement  of  both  detectors  yielded  an  averaged  total  energy 
of  hard  x-rays  of  some  /iJ  in  the  mentioned  energy  range.  This  corresponds  to  a  conversion 
efficiency  of  the  incident  laser  energy  into  hard  x-rays  of  about  10“^.  The  efficiency  was  derived 
under  the  assumptions  of  an  isotropic  radiating  source  and  a  Maxwellian  velocity  distribution 
of  the  suprathermal  electrons  in  the  plasma  with  a  characteristic  temperature  of  420  keV.  The 
energy  coupling  into  hard  x-rays  is  several  orders  of  magnitude  lower  compared  to  other  expe¬ 
rimental  results  [Kme92].  The  hard  x-ray  emission  is  due  to  bremsstrahlung  from  suprathermal 
electrons  decelerated  in  the  solid  density  plasma.  The  conversion  efficiency  rj  from  electron 
kinetic  energy  into  energy  E^;  of  bremsstrahlung  radiation  can  be  estimated  for  a  Maxwell 
distribution  according  to  with  rj  =  E^/Ek  =  1.65  •  10~^ZkBTh,  where  Z  is  the  atomic  number. 
For  aluminum  {Z  =  13)  and  a  characteristic  temperature  of  420  keV  this  yields  an  efficiency  of 
7?  =  0.9  %  for  the  bremsstrahlung  production.  Therefore,  only  about  10“^  of  the  laser  energy 
contained  in  the  central  spot  is  converted  into  suprathermal  electrons. 
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We  have  investigated  the  spectral  brilliance  of  subpicosecond  UV-laser-plasmas  as  a  source  for 
the  soft  x-ray  microscopy  in  the  so-called  ‘water-window’.  The  spectral  range  between  the 
absorption  K-edges  of  carbon  (4.36  nm)  and  oxygen  (2.32  nm)  is  termed  ‘water-window’  . 
The  absorption  coefficient  of  both  materials  differ  by  one  order  of  magnitude  providing  a  high 
contrast  of  the  biological  samples  in  their  natural  environment  [1]. 

The  measurements  were  performed  by  a  newly  developed  absolutely  calibrated  soft  x-ray 
spectrograph  with  a  resolution  of  A/AX«  1000  at  2.4  nm.  The  imaging  optics  and  the  dispersive 
element  are  unified  into  a  single  elliptical  ofif-axis  reflection  zone  plate.  The  zone  plate  with  a 
focal  length  of  1  m  consists  of  two  stripes  (each  1x8  mm^)  with  a  total  number  of  about  7000 
line  pairs.  The  absolute  calibration  was  performed  at  the  BESSY  Synchrotron  radiation  source 
at  Berlin.  Additionally,  other  soft  x-ray  transmission  grating  spectrographs  (TGS)  were  cross 
calibrated.  The  TGS  consists  of  a  toroidal  nickel  coated  mirror,  a  free  standing  gold 
transmission  grating  and  a  microchannel  plate  detector  [2].  The  soft  x-rays  were  produced  by 
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subpicosecond  KrF-laser  pulses  (20  mJ,  0.7  ps)  with  a  wavelength  of  248.5  nm  focused  to  an 
intensity  exceeding  10*®  W/cm^  onto  carbon  and  boron  nitride  targets.  These  low  Z  materials 
produce  a  strong  K-shell  line  and  continuum  radiation  in  the  wavelength  range  from  2  to  4  nm. 
The  ratio  between  line  and  continuum  radiation  strongly  depends  on  the  initial  plasma 
parameters  and  can  be  controlled  by  the  angle  of  incidence  and  the  laser  intensity  [3]. 


Fig.  1:  Highly  resolved  soft  x-ray  spectrum  of  carbon  obtained  by  the  novel  zone  plate 
spectrograph.  The  laser  light  was  p-polarized  with  respect  to  the  plane  of  incident  (30° 
incidence  angle)  with  an  average  laser  pulse  energy  of  20  mJ. 

Fig.  1  shows  a  carbon  spectrum  taken  with  the  zone  plate  spectrograph  using  about  4000  laser 
shots  for  the  whole  spectrum.  Clearly  visible  are  Hea  (4.03  nm),  Hep  (3.50  nm),  Lya  (3.37 
nm),  LyP  (2.85  nm),  and  Lyy  (2.70  nm)  together  with  a  continuum  emission  down  to  below  2 
nm.  A  line  width  of  0.0124  nm  FWHM  for  Hea  and  0.0339  nm  FWHM  for  Lya  can  be 
inferred  from  the  spectrum.  The  line  broadening  is  predominantly  due  to  stark  broadening  in 
the  high  density  plasma.  A  photon  number  of  1.8x10**  per  laser  shot  and  solid  angle  is 
measured  for  the  Lya-line  which  is  slightly  higher  than  for  Hea  (1.3x10**)  due  to  the  difference 
in  line  width.  Fig.  2  shows  a  nitrogen  spectrum  obtained  with  a  boron  nitride  target  using  1900 
laser  shots  for  the  whole  spectrum.  The  obtained  numbers  for  Hea  (2.88  nm)  and  Lya  (2.48 
nm)  are  of  the  order  of  10*®  photons  per  shot  and  solid  angle  for  both  lines.  The  intensity  of 
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these  nitrogen  lines  are  one  order  of  magnitude  lower  than  that  obtained  for  the  carbon  Hea 
and  Lya. 


Fig.  2:  A  soft  x-ray  spectrum  of  boron  nitride  obtained  by  the  novel  zone  plate  spectrograph 
shows  in  the  wavelength  range  from  2  to  3  nm  the  nitrogen  lines  of  Lya,  Hea,  and  a  spectral 
feature  S  which  is  contributed  to  lithium  like  satellite  lines.  The  laser  light  was  p-polarized 
with  respect  to  the  plane  of  incident  (30°  incidence  angle)  with  an  average  laser  pulse  energy 
ofJmJ. 
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The  control  of  the  X-ray  emission  from  high-intensity  laser-produced  plasmas  is  a  subject  of 
current  interest  (see,  e.g.,  [1])  and  requires  an  understanding  of  the  laser-pulse  absorption,  thermal 
transport  and  the  X-ray  conversion  processes.  Both  depend  on  various  factors  (i.e.,  target 
material,  angle  of  incidence,  laser  intensity,  laser  pulse  duration  etc.)  and,  in  particular,  ultrashort 
laser  pulses  offer  the  opportunity  to  generate  ultrashort  X-ray  bursts  of  high  brightness. 
Furthermore,  these  short  pulse  laser-plasma  X-ray  emitters  are  of  fundamental  interest  because 
they  allow  to  diagnose  the  laser-plasma  interaction  under  unique  conditions. 

Here  we  report  on  a  detailed  study  of  the  X-ray  emission  from  plasmas  produced  by  picosecond 
and  femtosecond  laser  pulses  on  various  solid  target  materials.  For  the  experiments  two  different 
laser  systems  have  been  used,  namely  a  KrF*-laser  system  [2]  (wavelength  Xl  =  248  nm)  and  a  Ti- 
sapphire  system  [3]  (Xl  =  800  nm).  The  contrast  ratio  (i.e.  short  pulse  intensity  to  background) 
was  10^®  and  10*  respectively  and  thus  unwanted  preplasma  formation  was  avoided.  By  using  well 
defined  laser  pulses  with  intensities  up  to  5  X  10*^  W 1  cnfi  and  various  experimental  conditions 
the  plasma  emission  has  been  observed  in  the  soft  X-ray  region  (10-100  A)  by  means  of  an 
absolutely  calibrated  single-shot  spectrograph. 

Some  specific  X-ray  lines  have  been  measured  with  high  spectral  resolution  and  absolute  photon 
numbers  have  been  deduced.  As  an  example.  Fig.  1  shows  a  spectrum  from  a  carbon  plasma 
produced  by  248  nm  laser  light.  The  total  number  of  photons  per  shot  and  steradian  (sr)  in  full 
width  at  half  maximum  (FWHM)  of  the  Ly-a  and  He-a  line  from  this  plasma  is  10^1  for  both 
lines.  Measurements  made  for  comparison  with  800  nm  laser  light  but  otherwise  the  same 
experimental  conditions  showed  that  the  X-ray  yield  produced  with  the  UV  laser  is  more  than  one 
order  of  magnitude  larger. 

Several  other  experimental  parameters  have  been  changed  as  well,  namely  the  laser  pulse  duration 
Tl,  intensity  II,  polarization,  angle  of  incidence  a  and  the  target  material.  In  some  of  the 
measurements  a  short  prepulse  was  introduced.  Finally,  spectra  obtained  from  a  thin  carbon  foil 
target  of  100  nm  thickness  have  been  compared  to  those  of  a  solid  carbon  target. 
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Fig.  1  X-ray  spectrum  from  a  solid  carbon 
plasma  produced  by  a  TL  =  0.5ps,  p- 
polarized  RTF^-laser  pulse  focused  to  an 
intensity  of  II  =  10^^  W/cnfi.  The  angle  of 
incidence  was  a  =  25°  and  the  spot  size 
was  20  pm. 


The  experimental  results  have  also  been  compared  to  computer  simulations.  Using  a  hydrocode 
[4]  the  plasma  parameters  have  been  calculated  as  a  function  of  time  and  space  (in  one  dimension). 
The  X-ray  spectra  have  been  simulated  using  these  results  as  the  input  for  a  time-dependent 
atomic  physics  radiation  code  [5]. 

It  has  been  found  that  the  X-ray  yield  and  the  spectral  characteristics  may  strongly  depend  on  the 
pumping  conditions.  In  particular,  by  changing  the  laser  pulse  duration  from  100  fs-2  ps  (for  a 
fixed  laser  energy)  a  700  fs  pulse  leads  to  the  highest  X-ray  yield.  This  may  be  explained  by  the 
ionization  dynamics  and  the  coupling  of  the  laser  light  with  the  plasma:  for  very  short  pulses 
(-100  fs)  the  plasma  will  be  ionized  less  effectively  due  to  the  finite  ionization  time  and  for 
picosecond  pulses  the  interaction  of  the  laser  pulse  with  the  expanded  plasma  leads  to  a 
distribution  of  the  absorbed  energy  over  a  larger  volume  and  hence,  results  in  a  less  effective 
ionization  as  well.  In  contrast  to  this,  a  short  prepulse  increases  the  emission  (for  fixed  laser 
energy  and  intensity)  due  to  the  improved  absorption  in  a  larger  electron  density  scale-length 
plasma. 

The  laser  intensity,  polarisation,  angle  of  incidence  and  pulse  duration  have  a  distinct  influence  on 
the  observed  continuum  and  line  emission  for  both  laser  wavelengths.  The  influence  of  these 
parameters  has  been  related  to  the  mechanism  of  laser  pulse  absorption,  conversion  process  (of  the 
absorbed  energy  into  X-ray  emission)  and  electron  density  and  temperature  in  the  emission 
volume.  It  has  been  found  that  line  emission  is  mostly  generated  by  laser  light  absorbed  by  inverse 
Bremsstrahlung  and  comes  from  an  electron  density  not  much  larger  than  the  critical  density. 
However,  the  continuum  may  be  produced  in  addition  by  collisionless  absorbed  light  which 
becomes  more  and  more  important  as  the  laser  intensity  is  increased  (in  particular  for  p-polarized 
laser  light  at  intermediate  angles  of  incidence).  Furthermore,  the  emission  region  is  more  extended, 
i.e.  part  of  the  continuum  comes  from  high  electron  density  regions. 

This  explains  also  1)  the  observed  much  faster  increase  (with  1^)  of  the  continuum  emission 
(oc  1^1-6  for  carbon)  in  comparison  to  the  X-ray  lines  («  II^-*  for  carbon),  2)  that  the  ratio  of 
continuum  to  line  emission  shows  a  maximum  at  a  =  45°  and  3)  that  the  observed  continuum  is 
more  pronounced  for  a  short  laser  pulse  and/or  a  foil  target  (in  comparison  with  a  solid). 
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Hence,  from  this  it  is  expected  that  the  dependence  of  the  continuum  to  line  emission  ratio  for 
different  experimental  conditions  effects  the  X-ray  pulse  duration  measured  in  an  experiment  too: 
the  measured  value  depends  on  which  type  of  emission  is  dominant  because  the  X-ray  pulse 
duration  [6]  is  significantly  different  for  the  continuum  and  the  X-ray  lines.  The  angle  of  incidence 
has  also  an  influence  on  the  line  emission:  at  large  a  the  width  of  the  observed  X-ray  lines 
becomes  smaller  and  the  continuum  is  reduced  like  expected  from  the  simulations. 

The  observed  larger  X-ray  yield  generated  with  UV-laser  light  with  respect  to  red  laser  radiation 
may  be  explained  by  the  higher  electron  density  achieved  in  the  first  case  (compare,  e.g.  Ref.  [7]). 
In  addition,  part  of  the  absorbed  800  nm  pulse  energy  is  transferred  to  suprathermal  electrons  (and 
thus  not  available  for  soft  X-ray  production)  which  is  much  less  pronounced  for  UV-laser  for  laser 
intensities  below  10*^  W/cm^. 

In  conclusion,  the  results  show,  that  the  X-ray  yield,  pulse  duration,  spectral  region,  bandwidth, 
ratio  of  continuum  to  line  emission,  source  size,  source  bandwidth  etc.  depend  strongly  on  the 
experimental  conditions.  Thus  the  X-ray  parameters  can  be  controlled  and  may  be  optimized  by 
the  proper  choice  of  the  pumping  parameters.  This  may  be  also  of  practical  relevance  for 
applications  exploiting  the  plasma  as  a  short  pulse  plasma  X-ray  source  of  high  brilliance. 
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Quantitative  measurements  of  the  optical  conductivity  of  iron  under  earth  core  conditions  are 
important  in  modelling  geomagnetism [1].  We  approximate  such  conditions  transiently [2]  by  exciting 
an  Fe,  and  a  control  Al,  surface  in  a  vacuum  or  helium  environment  with  620  nm,  120  fs  FWHM  laser 
pulses  with  10®  peak-background  contrast  ratio  at  .6  ps  focussed  to  peak  intensities  10^^  <  I  <  10^® 
W/cm^  on  target.  Figs.  1  and  2  present  p-  and  s-  polarized  self-reflectivity  7)  for  constant 

incident  angle  6  and  peak  intensity  7,  respectively.  Geometric  correction  for  the  dependence  of  spot 
shape  on  0  has  been  made  in  plotting  the  data.  Using  very  linear  pulse  energy  reference  monitors, 
reproducibility  to  within  AR/R  <  0.1%  was  achieved.  This  allowed  measurement  of  very  slight 
reflectivity  changes,  as  shown  in  the  inset  of  Fig.  1.  This  figure  also  shows  that  the  reflectivities  of 
Fe  and  Al  in  the  solid  to  plasma  transition  region  (10^®  -  10^®  W/cm®)  approach  each  other  as  7 
increases,  consistent  with  their  similar  total  conduction  electron  densities  (rig  ~  1.8  X  10^®  cm“®) 
when  the  Fe  d-electrons  are  included.  This  suggests  qualitatively  that  progressive  unbinding  of 
the  d-electrons  dominates  the  changes  in  optical  properties  of  Fe  in  this  regime.  Fig.  2  provides 
evidence  that  a  density  gradient  develops  during  the  laser  pulse.  It  is  well  known [3]  that  Omini 
the  angle  at  which  the  minumum  p-polarized  reflectivity  occurs,  shifts  toward  smaller  angles  as 
the  density  gradient  scale  length  grows.  Although  the  largest  angle  of  incidence  attainable  in  the 
experiment  was  smaller  than  Omin  under  these  conditions,  the  data  clearly  indicate  a  shift  toward 
smaller  values,  seen  for  Fe  in  Fig.  2  as  a  crossing  of  the  p-polarized  data  sets. 

Quantitative  analysis  of  the  data  requires  that  the  perturbation  of  Fresnel  reflectivity  by  small 
scale  length  {L/\  <  0.1)  surface  density  gradients,  if  present  during  the  pulse,  be  identified  un¬ 
ambiguously  and  distinguished  from  Ai?  caused  by  simultaneous  intensity-dependent  changes  in 
dielectric  properties  of  the  plasma.  We  achieve  this  separation  by  calculating  the  reflectivity  of  such 
gradients  under  a  wide  range  of  conditions,  and  identifying  those  values  of  Lj A  and  the  dielectric 
constant  €  =  A-ici  that  best  reproduce  the  measured  results.  This  reflectivity  calculation  numer¬ 
ically  solves  the  Helmholtz  wave  equations[4]  under  the  assumption  that  €  -  1  varies  linearly  with 
density  throughout  the  gradient.  The  qualitative  features  of  the  fit  result  are  however  reproduced 
when  this  assumption  is  relaxed  to  require  only  that  €  drop  monotonically  toward  the  vacuum  value 
of  1.  The  Riemann  solution[5]  p{z)  -  po{l  -  z/Lf,  is  used  to  describe  the  density  profile,  but  no 
additional  assumptions  regarding  the  functional  form  of  the  dielectric  constant  are  required.  Fig.  3 
shows  the  resulting  values  of  Cr  and  e,  vs.  laser  intensity  for  Fe.  The  corresponding  results  for  the 
density  gradient  scale  length  are  shown  in  Fig.  4.  Note  that  at  the  highest  measured  intensity  the 
gradient  scale  length  is  still  small  compared  to  the  laser  wavelength,  with  T/A  ~  .1. 

The  dielectric  function  of  Fe  at  optical  frequencies  is  well  described  at  room  temperature  by  a 
Drude-Lorentz  model  of  the  following  form[6]: 


(jjp  a®  w  -f-  iF 

e(w)  =  - H  2  ?  I  ;p\2’ 


(1) 


where  Wp  =  Airn^e^ jm*  is  the  plasma  frequency  with  effective  electron  mass  m* ,  ui  is  the  laser 
frequency,  v  is  the  Drude  collision  frequency,  and  a  describes  the  strength  of  the  Lorentz  oscillator 
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resonance  centered  at  uq  of  spectral  width  T.  The  term  eb  describes  a  frequency-independent 
background  contribution  to  the  polarizability.  At  the  laser  frequency  fiu  —  2.0  eV  there  is  a 
convenient  separation  for  Fe  —  the  real  part  of  e  is  dominated  by  the  free-electron,  Drude  term,  and 
the  imaginary  part  is  dominated  by  the  intraband,  Lorentz  term.  This  simplifies  the  interpretation 
of  the  changes  in  e  for  low  intensities.  The  nature  of  the  interband,  Lorentz  resonance  term  is 
illuminated  by  the  band-structure  calculations  of  M.  Singh  et  a/.[7],  which  incorporate  the  effects 
of  spin-orbit  coupling  critical  to  the  description  of  the  optical  properties  of  transition  metals.  A 
collection  of  majority-spin  states  just  below  the  Fermi  energy  and  a  collection  of  minority-spin 
states  just  above  it  lead  to  a  joint  density  of  states  peaked  at  2.4  eV. 

The  changing  dielectric  constant  of  Fe  (Fig.  3)  passes  through  three  distinct  stages  as  the 
intensity  increases,  each  attributable  to  its  own  causes:  first  an  initial  decrease  in  both  and 
€j-,  then  a  resonance  feature,  followed  finally  by  a  steep  drop  in  Cr  and  a  milder  decrease  in  Cj. 
The  initial  drop  in  €r,  the  term  dominated  by  the  Drude  free-electron  term,  is  a  consequence  of 
a  shrinking  effective  mass.  At  room  temperature  m*  ~  SrUe,  but  as  the  electron  temperature 
rises  with  laser  intensity  the  predominately  d-orbital  character  of  the  conduction  electrons  in  Fe 
will  become  more  s-like.  The  greater  mobility  of  these  s-band  states  leads  to  a  reduction  in  the 
effective  mass  and  a  corresponding  increase  in  the  collision  frequency  and  jcrl-  The  anticipated 
increase  in  collision  frequency  u  with  temperature  will  offset  this  change  somewhat,  allowing  the 
determination  that  at  labs  =  10^^  W/cm^  the  effective  mass  has  dropped  to  m*  <  brue-  In  the 
second  stage  (10^^  <  I  <  10^'*  W/cm^)  the  interband  resonance  term  becomes  dominant  as  the 
resonant  frequency  uq  drops  from  its  initial  value  at  2.4  eV  into  the  laser  frequency  at  7  =  6  x  10^^ 
W/cm^.  This  resonance  is  similar  to  those  observed  by  Glezer,  et  a/.[8]  in  fs-laser-induced  bandgap 
collapse  in  GaAs.  Finally,  for  I  >  W/cm^  Cr  becomes  strongly  negative  again,  indicating  both 
collapse  of  the  spin-orbit  band  gap  and  transition  to  a  fully  ionized  plasma  described  entirely  by 
the  Drude  model. 
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Figure  1:  Reflectivity  of  120  fs  pulses  from  A1  and 
Fe  surfaces  vs.  peak  pulse  intensity,  at  a  45^  angle 
of  incidence.  A1  data  are  shown  with  squares,  Fe 
with  circles.  Measurements  with  polarization  paral¬ 
lel  to  the  plane  of  incidence  (p-pol.)  are  shown  with 
filled  points;  open  points  are  used  for  polarization 
perpendicular  to  the  plane  of  incidence  (s-pol.).  A 
section  of  the  Fe,  p-polarized  data  is  shown  in  the 
inset,  magnified  vertically  as  indicated  by  the  right- 
side  axis. 


Figure  2:  Reflectivity  of  Fe  vs.  angle  of  incidence 
at  /  =  10^^  W/cm^  (open  points)  and  2  x  10^^ 
W /cm^  (filled  points)  for  s-polarization  (circles)  and 
p-polarization  (squares).  The  reflectivity  of  a  den¬ 
sity  gradient  calculated  from  the  corresponding  best 
fit  results  are  shown  with  lines. 
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Figure  3:  Best  fit  results  for  the  complex  dielectric 
constant  e  of  Fe  vs.  peak  laser  intensity. 


Figure  4:  Best  fit  results  for  the  dimensionless  den¬ 
sity  gradient  scale  length  kL  =  27rL/\  of  Fe  vs.  peak 
laser  intensity. 
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1.  Introduction 

The  use  of  optical-field  ionization  (OFI)  allows  to  control  both  an  ionic  state  and  electron 
energy  distribution,  which  is  of  importance  for  production  of  x-ray  lasers[l-3].  We  previously 
reported  the  observation  of  gain  on  the  13.5-nm  Lyman-a  transition  of  H-like  Li  ions  by  OFI 
of  a  preformed  Li+  plasma  [4].  The  measured  electron  temperature  of  less  than  1.5  eV  was 
significantly  lower  than  what  is  expected  by  an  above-threshold  ionization  model  [5,6].  How¬ 
ever,  wavelength  scaling  of  this  scheme  is  not  clear  because  the  required  pump  laser  intensity 
rapidly  increases  with  decrease  of  x-ray  laser  wavelengths.  The  increase  of  the  pump  laser 
intensity  additionally  causes  harmful  heating  of  the  plasma  by  nonlinear  interactions.  The  in¬ 
crease  of  the  pump  laser  intensity  which  results  in  the  requirement  of  a  huge  pump  device  also 
makes  it  quite  difficult  to  realize  a  tabletop  x-ray  laser  operating  below  10  nm. 

In  this  paper,  we  report  the  reduction  of  pump  laser  intensity  necessary  for  an  OFI  x-ray 
laser  using  the  preformed  plasma  scheme.  When  a  boron  nitride  (BN)  target  was  used  in  place 
of  the  Li  target,  we  observed  anomalous  short  wavelength  emissions,  which  originated  from 
charge  states  far  beyond  that  predicted  by  OFI  of  individual  atoms  or  ions. 

2.  Experiment 

The  experimental  arrangement  for  the  measurement  of  time-integrated  spectra  is  shown 
elsewhere[l].  In  order  to  produce  the  initial  boron  plasma,  a  20-ns  KrF  laser  pulse  with  an 
output  energy  of  200  mJ  was  line-focused  onto  a  rotating  boron  nitride  (BN)  disk  target  lo¬ 
cated  in  a  vacuum  chamber  by  using  two  cylindrical  lenses.  The  focused  laser  intensity  was 
10^  W/cm2.  After  a  certain  delay  with  respect  to  the  20-ns  KrF  laser  pulse,  a  linearly-polarized 
KrF  laser  pulse  with  a  pulse  width  of  0.5  ps  was  focused  inside  the  BN  plasma  column  by  using 
an  f  =  50  cm  lens.  The  focus  position  and  intensity  were  0.5  mm  from  the  BN  target  surface 
and  6x10*^  W/cm^ ,  respectively.  This  intensity  is  30  times  lower  than  that  required  for  pro¬ 
duction  of  fully  stripped  boron  ions  by  OFI  [7]. 

3.  Results  and  Discussion 

Figure  1  (a)  and  (b)  show  the  spectra  observed  in  BN  plasmas  produced  by  direct  irradia¬ 
tion  of  the  solid  BN  target  with  the  subpicosecond  KrF  laser  and  by  OFI  of  a  preformed 
plasma,  respectively.  Because  of  the  higher  diffraction  efficiency  of  the  grating  around  10  nm. 
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the  2nd  or  3rd  order  signals  are  shown  in  the 
Figure.  The  OFI  spectrum  strongly  differs 
from  the  spectrum  observed  in  normal  hot 
and  dense  expanding  plasma  produced  by  di¬ 
rect  irradiation  of  the  subpicosecond  laser. 
When  we  used  the  OFI  scheme,  strong  line 
emissions  from  H-like  and  He-like  ions  were 
observed,  in  spite  of  the  low  irradiation  in¬ 
tensity  of  6  X  W/cm^.  For  generation  of 
those  line  emission  by  field  ionization,  the 
required  laser  intensity  is  calculated  to  be 
higher  than  10^^  W/cm^.  This  fact  indicates 
that  the  BN  plasma  containing  fully  stripped 
boron  is  not  produced  by  the  field  ionization. 

Time  resolved  spectrum  observed  with 
a  streak  camera  is  shown  in  Figs.  2.  Due  to 
low  sensitivity  of  the  homemade  photo  cath¬ 
ode  and  low  signal  intensity,  time  resolution 
is  not  good.  However,  the  pulse  width  of  the 
Lyman-a  line  could  be  estimated  to  be  less 
than  10  ps.  Although  the  time  integrated 
spectrum  of  the  He-a  line  is  stronger  than 
that  of  the  Lyman-a  line,  the  time  resolved 
one  is  weaker  than  that  of  the  Lyman-a  line. 
This  is  presumably  due  to  relatively  long 
raiative  life  time  of  the  He-a  line.  The  He-a 
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Fig.  1  Observed  spectra  (a)  by  direct  irradiation  of  a 
subpicosecond  KrF  laser  and  (b)  by  OFI  of  a 
preformed  BN  plasma. 
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Fig.  2  (a)  Time  integrated  and  time  resolved  traces  of  (b)  the  He-ct  and  (c)  the  Lyman-a  lines  of  boron  ions. 
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line  appears  20  ps  after  the  Lyman-a  line. 

These  results  support  that  the  OFI  plasma  is 
in  a  recombination  dominated  phase. 

Figure  3  (a)  shows  delay  time  depen¬ 
dence  of  the  boron  plasma  density  and  the 
time  integrated  Lyman-a  line  intensity.  The 
)7th  harmonics  intensity  was  previously 
measured  as  a  function  of  the  delay  between 
the  ns  and  the  subpicosecond  KrF  laser 
pulse.  The  plasma  density  was  estimated 
from  this  harmonic  signal  intensity  because 
the  harmonics  intensity  is  propotional  to 
square  of  the  plasma  density.  The  Lyman-a 
signal  rapidly  increases  around  700  ns  and 
gradually  decreases.  Figure  3  (b)  shows  de¬ 
lay  time  dependence  of  the  intensity  ratio  of 
the  Lyman-a  to  the  Balmer-a  line.  The 
large  intensity  ratio  in  the  high  density  re¬ 
gion  indicates  that  collisional  decay  time  of 
the  Balmer-a  transition  is  shorter  than  the 
radiative  life  time  of  it.  This  condition  is 
satisfied  at  an  electron  temperature  of  about 
10  eV,  assuming  the  boron  density  of  the  or¬ 
der  of  10*^  cm‘3. 

In  conclusion,  we  have  observed 
anomalous  short  wavelength  line  emission 
from  a  plasma  produced  by  irradiation  of 
high-intensity  subpicosecond  KrF  laser  pulses  into  a  preformed  boron  nitride  plasma.  In  spite 
of  a  low  irradiation  intensity  of  6  x  10^^  W/cm^,  strong  line  emissions  from  H-like  and  He-like 
boron  ions  which  suggested  generation  of  fully  stripped  boron  were  observed.  More  important, 
characteristics  of  the  observed  spectra  indicated  that  the  electron  temperature  of  the  plasma 
was  much  lower  than  that  expected  by  collisional  heating  in  clusters.  The  existence  of  both 
BN  clusters  and  cold  electrons  in  the  preformed  plasma  may  reasonably  explain  the  spectral 
characteristics  of  the  OFI  plasma.  In  this  case,  the  ion  production  occurs  due  to  efficient  ab¬ 
sorption  and  collisional  heating  by  the  clusters  [8,9].  The  preformed  cold  electrons  contribute 
to  fast  three-body  recombination  as  in  the  lithium  experiment  [4]. 
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Previously  we  proposed  a  new  thin  film  target  to  obtain  femtosecond  plasma 
overheating  using  artificially  limited  thermoconductivity  [1].  We  discussed  the  results 
of  computer  modeling  of  interaction  of  superintense  femtosecond  laser  pulse  with 
freely  suspended  thin  carbon  film.  It  was  shown  that  for  film  thicknesses  of  50  nm 
and  less  the  electron  temperature  rises  up  to  500  eV  and  even  higher  with  decrease 
in  thickness.  This  causes  increase  in  x-ray  yield  from  H-  and  He-like  C  ions. 

In  this  paper  we  present  for  the  first  time  the  experimental  results  demonstrating  the 
phenomenon  for  freely  suspended  carbon  films  as  thin  as  20-30  nm.  It  was  obtained 
that  for  these  superthin  films  x-ray  yield  increased  more  than  twofold  for  p-polarized 
light.  The  comparison  of  the  experimental  results  with  predictions  of  the  computer 
code  shows  good  quantitative  agreement  and  leads  to  the  conclusion  that  there  is 
threefold  overheating  of  plasma  layer  up  to  500  eV. 

The  possibility  of  widening  the  choice  of  target  materials  and  promising  advantage 
of  superthin  targets  for  considering  relativistic  intensities  will  be  discussed  as  well. 
The  superthin  film  targets  were  placed  onto  specially  designed  flat  grids  of  175*175 
iam^  transparent  cell  with  350  i^m  period.  We  produced  only  one  laser  shot  into  each 
cell.  The  target  then  was  translated  in  the  plane  coinciding  with  the  plane  of  the  grid. 
The  film  thickness  was  measured  by  a  few  techniques  within  10  nm  precision.  We 
used  a  set  of  carbon  films  of  different  thickness  in  the  range  of  20-100  nm  and 
«thick»  1  iim  mylar  film  for  reference. 

Experiments  were  carried  out  using  s-  or  p-polarized  pulses  (600nm,  200fs,  angle  of 
incidence  45°)  produced  intensities  above  10^®W/cm^[2].  Temporal  as  well  spectral 
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shapes  of  the  laser  pulse  were  measured  for  each  laser  shot.  Energy  contrast  ratio 
was  estimated  to  be  not  worse  than  1000.  It  was  tested,  that  interaction  of  the 
superluminiscent  radiation  with  locked  out  femtosecond  seed  pulse  with  the 
superthin  film  has  no  effect  on  the  film  state. 

The  main  part  of  total  energy  of  x-ray  yield  form  carbon  target  for  plasma 
temperature  above  100  eV  is  contained  in  two  most  bright  lines  of  He-like  (4.02nm) 
and  H-like  (3,37nm)  ions  [3],  Changes  in  plasma  temperature  cause  changes  in  total 
x-ray  yeiid  as  well  as  in  ratio  between  He-  and  H-like  emission  brightness.  In  our 
experiments  we  measured  total  x-ray  yield  from  carbon  plasma  from  both  front  and 
rear  sides  using  filtered  (250  nm  Al  filter)  p-i-n  x-ray  diodes  (see  inset  to  Fig.1). 

The  results  for  the  front-side  detector  as  well  as  computer  simulation  results  are 
plotted  in  Fig.1.  The  simulated  curves  were  obtained  using  computer  code 
described  elsewhere  [1]  as  a  sum  of  x-ray  yield  from  two  lines  mentioned  above  and 
recombination  radiation  from  H-  and  He-like  ions.  Good  quantitative  agreement 
could  be  clearly  seen  from  Fig.1  for  experimental  and  simulated  results.  For  30  nm 
film  x-ray  yield  enhances  more  than  twice  as  compared  to  «thick»  mylar  film.  In 
accordance  with  computer  simulation  this  corresponds  to  temperature  increase  from 
150  to  more  than  450  eV.  This  value  could  be  compared  to  the  figure  of  170  eV 
obtained  in  [3]  for  carbon  plasma  under  two  orders  higher  laser  intensity.  It  is  worth 
noting,  that  while  for  mylar  target  He-like  ions  play  dominant  role,  for  30  nm  film  the 
situation  changes  vise  versa.  For  thinner  targets  the  x-ray  yield  falls  back;  here  film 
thickness  become  of  the  same  order  as  skin-layer  depth.  The  x-ray  signal  from  rear 
side  of  the  30  nm  film  was  twice  as  weak,  whereas  no  signal  was  detected  for  mylar 
target’s  rear  side. 

Temporal  shapes  of  the  x-ray  pulses  obtained  from  superthin  film  targets  are  longer 
than  those  for  the  thick  ones,  but  don’t  exceed  few  ps. 

Finally,  we  discussed  promising  perspectives  of  using  new  type  targets  under  action 
of  up  to  relativistic  intensities: 

•  Using  superthin  film  targets  made  of  the  other  materials  (including  heavier 
atoms)  brings  up  the  possibility  of  rising  up  x-ray  yield  in  the  range  of 
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quanta  energy  larger  than  1  keV. 

•  Preliminary  estimations  also  show  that  overheated  plasma  could  serve  as 
efficient  source  of  fast  electrons  bunches. 

•  Superthin  film  target  could  also  serve  as  well-determined  ion  jet  for 
efficient  generation  of  high-order  harmonics. 

•  Such  phenomena  as  selfchanneling  and  selfinduced  transparency  could 

be  investigated  using  relativistic  intensities  of  W/cm^  and 

superthin  films. 
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It  is  well  known  that  an  electromagnetic  wave  obliquely  incident  on  a  planar  stratified  inho¬ 
mogeneous  plasma  couples  with  electron  plasma  oscillations  when  the  electric  field  is  polar¬ 
ized  in  the  plane  of  incidence.  The  interaction  is  resonant  at  the  critical  density  surface,  and 
plasma  waves  of  large  amplitude  may  be  generated.  For  a  sufficiently  strong  driving  field  the 
condition  of  wavebreaking  may  be  reached  in  a  certain  region  around  the  critical  density  sur¬ 
face.  Wavebreaking  leads  to  efficient  dissipation  of  collective  wave  energy  and  to  the  produc¬ 
tion  of  energetic  electrons.  The  process  is  of  fundamental  importance  as  an  absorption  mecha¬ 
nism  in  high  intensity  laser-plasma  interaction.  Manifestations  of  wavebreaking  have  been  seen 
in  the  electron  energy  spectra,  x-ray  emission,  and  optical  absorption  experiments. 

In  this  contribution  we  wish  to  argue  that  time-resolved  measurements  of  the  second  har¬ 
monic  from  a  plasma  produced  by  a  short  laser  pulse  on  the  surface  of  a  solid  target  show 
evidence  of  the  onset  of  wavebreaking  in  an  early  stage  of  plasma  expansion,  when  the  thick¬ 
ness  of  the  plasma  sheet  corresponds  to  a  small  fraction  of  the  wavelength  of  light. 

Time-resolved  measurements  of  the  reflected  second  harmonic  were  performed  using  a 
pump-probe  technique.  Femtosecond  laser  pulses  from  an  amplified  CPM  dye  laser  (k  = 
620  nm)  were  focused  on  solid  targets  to  generate  a  surface  plasma.  Delayed,  weak  probe  pulses 
interacted  with  the  plasma,  producing  coherent  p-polarized  second  harmonic  in  the  specular 
direction.  The  experimental  parameters  were  as  follows:  Pulse  duration  65  fs;  spot  diameter 
on  the  surface  8  itm;  angles  of  incidence  40  degrees  and  between  45  and  60  degrees  for  pump 
and  probe,  respectively.  The  peak  intensity  on  target  of  the  s-polarized  pump  pulses  was  10*® 
W/cm^  The  pump/probe  energy  ratio  was  100:1,  and  otherwise  the  pump  pulses  and  the  probe 
pulses  were  the  same. 

Striking  differences  in  the  variation  of  the  strength  of  the  second  harmonic  as  a  function  of 
the  time  delay  were  observed  when  s-polarized  and  p-polaiized  probe  pulses  were  used.  In  the 
first  case  we  observed  a  smooth  increase  of  the  second  harmonic  to  a  maximum  between  2 
and  4  ps,  depending  on  the  angle  of  incidence.  This  maximum  was  followed  by  a  decay  on  a 
time  scale  of  several  picoseconds.  On  the  other  hand,  for  p-polarization  we  observed  a  very 
strong,  sharp  maximum  of  the  second  harmonic  for  a  probe  pulse  delay  of  about  150  fs.  This 
sharp  feature  at  early  times  was  not  present  for  s-polarized  probe  pulses.  For  times  greater  than 
=  300  fs  the  variation  of  the  second  harmonic  for  p-  and  s-polarization  were  very  similar. 

For  an  explanation  of  the  experimental  data  we  made  the  assumption  that  the  dependence 
of  the  second  harmonic  on  the  delay  time  primarily  reflects  the  changes  of  the  plasma  density 
profile  during  the  free  expansion  into  vacuum.  Following  this  assumption  we  performed  cal¬ 
culations  of  the  reflected  second  harmonic  as  a  function  of  the  plasma  scale  length. 

The  simplest  description  of  second  harmonic  generation  in  a  plasma  starts  from  a  hydro- 
dynamic  model  and  applies  perturbation  theory  [2].  It  turns  out  that  the  results  of  perturbative 
calculations  are  in  disagreement  with  the  experimental  results.  The  calculated  variation  of  the 
second  harmonic  with  the  plasma  scale  length  are  very  similar  for  both  types  of  polarization. 
In  particular,  there  is  no  distinct  sharp  feature  of  the  second  harmonic  for  p-polarization. 
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A  perturbative  treatment  requires  that  the  changes  of  the  system  in  response  to  the  pertur¬ 
bation  are  small.  However,  it  turns  out  that,  as  a  result  of  resonant  coupling,  this  condition  is 
violated  in  the  critical  density  region.  For  the  probe  pulse  intensities  used  in  the  experiment 
the  amplitude  of  the  induced  electron  density  oscillations  near  the  critical  density  are  compa¬ 
rable  with  the  unperturbed  density,  and  it  can  be  shown  that  the  conditions  for  wavebreaking 
are  reached. 

We  have  developed  an  improved  model  of  second  harmonic  generation  based  on  the  con¬ 
jecture  that,  as  far  as  the  interaction  of  the  electromagnetic  waves  is  concerned,  the  principal 
effect  of  wavebreaking  is  a  strong  increase  of  the  losses  in  the  critical  density  region.  Follow¬ 
ing  a  suggestion  by  Rae  and  Burnett  [2]  this  aspect  of  wavebreaking  can  be  modelled  by  in¬ 
troducing  an  intensity  dependent  effective  damping  constant  in  the  dielectric  function  of  the 
plasma. 

Results  of  an  extension  of  this  approach  to  second  harmonic  generation  are  shown  in  Fig. 
1.  The  calculated  efficiency  of  the  reflected  second  harmonic  is  plotted  versus  the  normalized 
plasma  scale  length  Uk.  The  dotted  and  the  dashed  line  represent,  respectively,  the  second 
harmonic  generated  by  s-polarized  and  p-polarized  light  in  the  limit  of  very  low  fundamental 
intensity  (perturbation  limit).  As  mentioned  above,  we  find  a  smooth  variation  of  the  second 
harmonic  for  both  polarizations,  with  p-polarization  being  about  ten  times  more  effective  than 
s-polarization.  The  solid  curve  shows  the  second  harmonic  for  a  fundamental  intensity  of 
1.3x10'^  W/cm^.  In  this  case  we  obtain  a  very  strong  enhancement  of  the  second  harmonic  for 
plasma  scale  lengths  corresponding  to  a  few  percent  of  the  wavelength.  The  solid  line  merges 
with  the  dashed  line  (perturbation  limit)  for  UX  >  0.7.  Wave  breaking  does  not  occur  in  this 
range  of  scale  length  because  tunnelling  through  a  substantial  plasma  layer  is  required  to  reach 
the  critical  density.  Tunneling  leads  to  a  strong  attenuation  of  the  driving  field. 

In  Fig.  2  the  experimental  data  for  two  different  angles  of  incidence  are  compared  with  the 
calculations.  The  fitting  parameters  are  the  electric  field  of  probe  pulse  (E^  =  1.5x10*  V/cm) 
and  for  the  conversion  of  the  scale  length  axis  to  a  time  axis,  the  expansion  velocity  of  the 
plasma  (v^^  =  2.5x10®  cm/s  in  Fig.  2  a,  and  =  3.5x10®  cm/s  in  Fig.  2  b).  The  calculated 
curves  were  adjusted  to  the  broad  maximum  of  the  measured  second  harmonic. 

There  is  good  qualitative  agreement  of  the  experimental  data  and  the  model  calculations. 
In  particular,  the  model  reproduces  quite  well  the  observed  striking  differences  of  the  time  de¬ 
pendence  of  the  second  harmonic  for  p-polarized  and  s-polarized  laser  pulses,  the  conspicuous 
sharp  spike  at  early  times.  The  measured  and  the  calculated  times  of  the  sharp  maximum  are, 
respectively,  170  fs  and  70  fs  in  Fig.  2  a,  and  60  fs  and  45  fs  in  Fig.  2  b.  The  measured  and 
calculated  ratios  of  the  maxima  are  4:2  and  2:4. 

These  results  suggest  that  the  behavior  of  second  harmonic  generation  provides  direct  evi¬ 
dence  of  the  onset  of  wavebreaking  during  a  early  stage  of  the  plasma  evolution  at  very  short 
scale  lengths. 


[1]  D.  von  der  Linde,  in:  Laser  Interactions  with  Atoms,  Solids,  and  Plasmas, 
ed.  by  R.  M.  More  (Plenum  Publ.  Corpor.,  New  York,  1994)  p.  207 

[2]  S.  C.  Rae  and  K.  Burnett,  Phys.  Rev.  A  44:  3835  (1991). 
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1.  Introduction 

Experimental  short  pulse  lasers  are  rapidly  approaching  energy  levels  where 
target  irradiances  exceeding  10^°  W/cm^  are  routinely  achievable  [1,2,3].  These  high 
intensity  levels  will  open  up  a  new  class  of  solid  target  interaction  physics  where 
relativistic  effects  must  be  included  and  non-traditional  absorption  mechanisms 
become  significant.  However  much  remains  to  be  understood  of  the  absorption 
physics  at  lower  intensities  where  classical  absorption  is  dominated  by  collisional  and 
resonance  absorption.  If  attention  is  paid  to  producing  clean  laser  pulses  that  do  not 
significantly  pre-pulse  interact  with  the  target,  it  is  possible  to  produce  plasmas  of 
sufficiently  short  scale  length  that  near-solid  density  interactions  are  observable  at 
intensities  exceeding  10^®  W/cm^  for  100  fs  laser  irradiation. 

We  report  here  extensions  to  our  previous  efforts  at  normal  incidence  [4]  that 
expand  our  observations  to  non-normal  angles  including  the  effect  of  polarization  for 
several  target  materials.  Between  10^®  W/cm^  and  lO^'^W/cm^  we  observe  that  the 
target  absorption  retains  a  signature  of  the  intra-band  atomic  transitions.  At  higher 
intensities  a  more  material  independent  ion-electron  collisional  absorption  and  short 
scale  length  resonance  absorption  dominate.  P  -  polarized  absorption  in  short  scale 
length  plasmas  has  been  observed  to  exceed  60  percent. 

2.  Experiment 

The  experiment  was  performed  on  the  100  fs  Ti;Sapphire  laser  of  the  DSP 
facility  at  Lawrence  Livermore  National  Laboratory.  The  TiiSapphire  laser  is  capable 
of  delivering  1  joule  at  800  nm  onto  a  target  at  intensities  of  5x10^®  W/cm^  with  a  1.5 
times  diffraction  limited  focus.  In  order  to  produce  as  low  a  level  of  prepulse  as 
possible  the  current  set  of  experiments  where  performed  with  frequency  doubled  400 
nm  light.  The  pulse  contrast  is  lO-'"  one  picosecond  prior  to  the  peak  of  the  pulse; 
allowing  near-solid  density  experiments  to  be  performed.  The  compression  of  the  CPA 
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pulse,  its  frequency  doubling,  and  transport  to  the  target  are  performed  at  vacuum. 
The  light  is  focused  with  an  off-axis  parabolic  mirror  at  f/4.8.  Third  order  correlations 
are  made  on  all  shots  to  determine  the  pulse  width  used.  Typical  pulse  widths  are  120 
fs  to  1 30  fs. 

The  target,  consisting  of  1  micron  thick  e-beam  deposited  thin  films  on  1.5  mm 
thick  glass  plates,  is  raster  scanned  to  ensure  clean  undamaged  surface  material  on 
each  shot.  Intensity  is  varied  by  defocusing  the  target.  The  reflected,  incident, 
transmitted,  and  back  scattered  light  are  measured  on  cross  calibrated  pyro-electric 
meters.  Scattered  light  is  monitored  by  an  array  of  optical  diodes,  which  are  calibrated 
by  the  use  of  a  Lambertian  scatter  of  known  scattering  efficiency. 

3.  Observations  and  Conclusions 

Observation  were  made  in  10  degrees  increments  between  12.5  and  72.5 
degrees  angle  of  incidence.  Both  s  and  p  -  polarization  where  used.  Absorption  was 
inferred  to  be: 

Absorption  =  1  -  Reflected  -  Transmitted  -  Scattered  -  Back  Scattered 

The  previous  results  at  0  degrees  angle  of  incidence  agreed  well  with  the  low  angle 
12.5  degree  shots,  but  significant  improvement  in  absorption  efficiency  was  noted  for  p 
-  polarized  light  with  increasing  angle  of  incidence.  This  increase  in  absorption  is  due 
to  resonance  absorption  in  a  short  scale  length  expansion  plasma.  Unlike  long  scale 
length  absorption,  no  notable  maximum  is  observed  in  the  p  -  polarized  reflectivity 
(Figure  1.  )  up  to  the  72.5  degree  limit  of  these  experiments.  The  s  -  polarized 
absorptivity  is  observed  to  decrease  with  angle. 

Considerable  success  has  been  achieved  with  simple  non-hydrodynamic 
models  of  the  plasma  assuming  resonance  absorption  and  collisional  absorption  by 
varying  the  plasma  expansion  scale  length  and  dielectric  properties  to  achieve  best  fit. 
Improvements  are  expected  when  this  absorption  model  is  incorporated  into  a  fully 
hydrodynamic  model  with  wave-solving  capabilities. 

Previous  experiments  suggest  that  at  intensities  greater  than  10^®  W/cm^  the  s- 
and  p  -  polarized  light  would  reflect  from  the  electron-ion  "plasma  mirror"  with  a 
nearly  material  independent  reflectivity.  We  have  investigated  the  atomic  Z 
dependence  of  the  absorption  in  the  high  intensity  regime  and  find  that  absorption 
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increases  with  Z  and  is  well  modeled  by  our  hydrodynamic  calculations  including 
resonance  and  collisional  absorption. 

Our  future  plans  are  to  extend  this  work  to  higher  intensities  where  non- 
classical  absorption  mechanisms  become  important. 


Figure  1 .  The  experimental  results  for  s  and  p  -  polarized  absorption 
at  10''®  W/cm^  suggest  that  resonance  absorption  in  short  scale  length 
plasmas  plays  a  dominant  role  at  high  angles  for  p  -  polarized  light, 
s  -  polarized  (  X  symbol );  p  -  polarized  (  diamond  symbol ). 

This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by 
Lawrence  Livermore  National  Laboratory  under  contract  No.  W-7405-Eng-48. 
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The  development  of  high  intensity  lasers  has  led  to  the  possibility  of  observing  relativistic 
effects  when  a  laser  pulse  interacts  with  a  fully  ionized  plasma.  The  propagation  of  high  intensity 
laser  pulses  through  a  fully  ionized  plasma  has  practical  applications  for  compact  x-ray  lasers 
[1,2],  laser-plasma-based  particle  accelerators  [3],  and  advanced  inertial  confinement  fusion 
schemes  [4].  The  relativistic  filamentation  instability  [5]  can  lead  to  modifications  of  the 
propagating  pulse  by  spatially  modulating  the  laser  intensity  transverse  to  the  direction  of 
propagation;  growth  of  the  instability  can  lead  to  spreading  of  the  beam  as  the  result  of  the  density 
modulation  set  up  by  the  filamented  ponderomotive  force.  The  beam  propagation  needs  to  be 
understood  before  further  nonlinear  effects  are  investigated  [6,7].  Previous  experimental  studies  of 
high-intensity  laser  pulses  have  employed  neutral  gases  which  are  ionized  by  the  propagating  pulse 
[8].  That  technique  is  limited  by  technical  constraints  to  relatively  low  electron  densities  (<  lO^^ 
cm'3)  and  introduces  the  possibility  of  the  modification  of  the  propagation  behavior  by  the 
formation  of  an  ionization  front  at  the  leading  edge  of  the  pulse  [8]. 

In  this  Letter,  we  describe  an  experiment  [9]  in  which  a  high  intensity  (up  to  5  x  lO^^ 
W/cm2),  600-fsec  laser  pulse  propagates  through  a  fully-ionized  preformed  plasma  of  substantial 
density  (up  to  0.5nc).  When  the  laser  intensity,  II,  and  plasma  density,  ne  are  sufficiently  low 
such  that  relativistic  filamentation  does  not  grow,  the  pulse  channels  through  the  plasma.  As  II  or 
ne  is  increased,  we  observe  the  onset  of  relativistic  filamentation,  in  which  the  beam  breaks  up  into 
multiple  hot  spots,  as  opposed  to  whole-beam  self-focusing,  by  analysing  the  light  transmitted 
through  the  plasma  and  by  2-D  pictures  of  the  sidescattered  laser  light.  If  the  plasma  density  or  the 
laser  intensity  is  high  enough,  the  beam  breakup  occurs  before  the  pulse  reaches  the  peak  plasma 
density.  Along  with  the  beam  breakup,  we  observe  time-dependent  spectral  modulation  of  the 
laser  pulse  transmitted  through  the  plasma  using  a  frequency-resolved  optical  gating  (FROG) 
diagnostic.  In  the  early  part  of  the  pulse  we  observe  a  spectral  red-shift,  consistent  with  electrons 
being  moved  out  of  the  beam  path,  followed  by  a  spectral  blue  shift,  signaling  the  collapse  of  the 
channel. 

The  experiment  was  performed  using  the  Janus  laser  fecility  at  Lawrence  Livermore 
National  Laboratory.  One  beam  of  the  la.ser  produced  a  0.53  (im  wavelength,  45  J,  1.3  ns  long, 
nominally  square  laser  pulse  that  irradiated  a  0.5  |im  thick  polypropylene  exploding  foil  target 
(CH2)  which  is  supported  by  a  75-mm-thick  Mylar  washer.  This  beam  is  focused  with  an  f/4  lens 
to  a  400  p,m  diameter  spot.  After  the  plasma  forming  pulse  has  burned  through  the  target  and  the 
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peak  density  has  decayed  below  nc,  a  second,  interaction  pulse  counterpropagates  relative  to  the 
plasma  forming  beam  through  the  plasma.  This  pulse  has  a  cenU-al  wavelength  of  1.053  p-m  with  a 
bandwidth  of  1.4  nm,  and  is  compressed  to  a  FWHM  pulse  width  of  ~  600  fs.  The  6.5  cm 
diameter  beam  is  focused  by  a  30  cm  focal  length  off-axis  parabola  to  a  focused  spot  with  a 
FWHM  diameter  of  12  pm  which  was  measured  with  an  equivalent  plane  imaging  system.  At  the 
highest  input  energies  (6  J)  the  maximum  intensity  at  best  focus  is  ~  5  x  10^^  W/cm^. 

Light  that  is  transmitted  through  the  plasma  is  collected  by  the  focusing  lens  of  the  plasma 
forming  lens;  50%  of  the  light  goes  to  an  energy  calorimeter  and  50%  goes  to  a  single-shot  FROG 
diagnostic  [10]  which  records  the  laser  spectrum  versus  time  with  10  fs  resolution.  The  target 
plasma  density  distribution  was  measured  by  a  folded  wave  interferometer  throughout  the 
experiment.  The  probe  beam  for  the  interferometer  was  0.35  pm  wavelength,  600  fs  in  duration, 
and  was  timed  to  within  50  ps  of  the  anival  of  the  interaction  pulse  at  the  target.  We  also  imaged 
the  sidescattered  1.053  pm  light  transverse  to  the  propagation  direction  of  the  ps  pulse  in  order  to 
locate  the  position  of  the  maximum  laser  intensity. 

The  onset  of  relativistic  filamentation  is  shown  quite  clearly  in  the  scaling  of  the  collected 
transmitted  energy  with  the  incident  beam  energy  (see  Fig.  1).  As  we  found  in  earlier,  100  ps 
experiments  [11],  filamentation  can  result  in  the  spraying  out  of  the  transmitted  light  to  angles 
much  larger  than  the  vacuum  propagation  angle.  In  Fig.  1,  we  see  that  at  low  laser  intensities,  the 
transmitted  laser  energy  equals  the  incident  energy.  Above  an  intensity  of  10^^  W/cm^,  the 
percentage  of  transmitted  light  is  less  as  the  filamentation  instability  increases.  Varying  the  peak 
density  changes  the  laser  intensity  at  which  the  inflection  point  occurs.  For  a  peak  density  of 
O.lnc,  the  transition  occurs  near  0.15  J,  while  for  a  peak  density  of  0.05nc,  it  occurs  near  0.7  J. 
The  maximum  amount  of  light  backscattered  into  the  parabola  was  10%  and  cannot  account  for  the 
Pansmission  behavior. 


FIGURE  1.  Measured  energy  transmitted  through  the  plasma  as  a  function  of  the  incident 
energy  for  two  different  peak  plasma  densities. 

The  power  at  which  the  transition  occurs  in  Fig.  1  is  greater  than  the  predicted  critical 
power  for  relativistic  self-focusing: 

Pc  =  17(nc/ne)  GW. 


(1) 
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Substituting  the  measured  peak  densities  into  this  equation  gives  critical  powers  of  Pc  =  340  GW 
or  Ec  =  200  mJ  for  ne  =  .05nc,  and  Pc  =  170  GW  or  Ec  =  100  mJ  for  ne  =  .Inc.  The  threshold 
energies  are  higher  than  those  given  by  the  theory  probably  because  the  theory  is  linear,  whereas  in 
the  actual  experiment  the  high  intensity  pulse  can  depress  the  background  density. 

We  used  filtered,  high-speed  infrared  film  to  record  the  light  outside  the  collecting  lens,  and 
show  that  as  the  energy  was  increased,  the  light  sprayed  to  larger  angles  consistent  with  the 
observed  decrease  in  the  transmitted  energy  [11].  Most  ot  the  sprayed  light  has  wavelengths  close 
to  the  fundamental  laser  wavelength  and  the  contributions  from  SRS  are  small.  This  result  is 
consistent  with  the  simulations  of  Ref  12  which  predict  a  20%  reduction  of  transmitted  light  due  to 
SRS  absorption  and  scattering.  It  has  also  been  pointed  out  [13]  that  SRS  will  not  occur  in 
evacuated  channels.  These  results  are  consistent  with  previous  experiments  [14],  in  which  a  single 
pulse  interacts  with  a  gas  jet,  have  observed  that  as  they  increased  the  gas  fill  pressures  (higher 
electron  densities)  they  observed  the  reduction  of  the  forward  SRS  anti-Stokes  feature  to  the 
detection  noise  level  which  was  accompanied  by  the  exponential  increase  of  the  transmitted  laser 
light,  which  they  attributed  to  self-focusing  and  ionization  induced  refraction  (which  cannot  occur 
in  our  experiment). 
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Hot  electron  production  and  related  Bremsstrahlung  emission  known  in  long  pulse  (tens  of  ps 
up  to  ns  FWHM)  becomes  more  important  in  short  and  ultra  short  (ps  down  to  tens  of  fs 
FWHM)  laser  plasma  interaction  because  some  ten  percent  of  the  laser  energy  are  being 
transferred  to  hot  electrons,  as  theoretical  (Wilks  et  al  1992,  Gibbon  1994)  and  experimental 
(Schnurer  et  al  1995)  studies  have  indicated.  Measured  hot  electron  distributions  are  compared 
to  model  predictions  in  order  to  gain  more  knowledge  about  the  laser  plasma  absorption 
mechanism.  A  control  of  the  hot  electron  production  with  the  driving  optical  laser  parameters 
is  important  for  the  Bremsstrahlung  emission,  if  one  wants  to  optimize  short  pulse  hard  X-ray 
sources.  At  relativistic  driving  laser  intensities  above  10*^  W/cm  hot  electron  production  is  the 
key  part  in  the  fast  ignitor  concept  for  the  inertial  confinement  fusion  (Tabak  et  al  1994). 

We  analyze  our  experimental  results  from  hard  X-ray  measurements  on  the  basis  of  computer 
code  calculations  and  phenomenological  estimations.  From  literature  one  finds  results  (Malka 
and  Miquel  1996,  Kieffer  et  al  1996,  Harrow  et  al  1995)  and  argumentations  (Pei^  and 
Mourou  1994)  for  a  Maxwellian  distribution  as  well  as  for  a  non-Maxwellian  distribution 
(Klem  et  al  1993)  of  hot  electrons. 

Experimental  set-up 

The  experiments  were  carried  out  with  the  laser  installation  at  the  Max-Bom-Institut  in  Berlin. 
The  chirped  pulse  amplification  system  uses  a  Ti:Sa  oscillator  and  a  regenerative  amplifier 
front  end  which  is  coupled  to  a  glass  power  amplifier  chain  (Kalashnikov  et  al  1994).  The  main 
pulse  parameters  are  ;  pulse  width  (0.7±0.2)  ps  FWHM,  centre  wavelength  1053  nm, 
aspherical  lens  with  123  mm  focal  length  and  amplified  spontaneous  emission  background  to 
main  pulse  contrast »  10^. 

Tantalum  targets  0.5  mm  thick,  with  a  non-polished  surface  with  uniformly  diffuse  scattering 
properties  were  irradiated  with  (3+2)*  10^^  W/cm^.  Thermoluminescence  dosimeters 
(TLD’s)  (Ambrosi  et  al  1994)  covered  with  different  filters  were  used  to  detect  the  hard  X-ray 
emission. 

Results  and  discussion 

In  order  to  look  at  the  X-ray  emission  with  improved  energy  resolution  a  nine  channel  filter 
TLD-detector  was  used.  The  distance  between  the  detector  and  the  plasma  spot  X-ray  source 
was  10  cm.  X-ray  emission  from  22  laser  shots  with  a  total  energy  of  43  J  was  collected.  Fig.l 
shows  the  variation  of  the  spectral  fluence  Oe  (thick  line)  Avith  photon  energy.  As  indicated  in 
fig.  1  one  can  approximate  the  experimental  distribution  with  two  hot  electron  temperatures 
Th«  16  keV  (dashed  line)  and  Th»  70  keV  (dotted  line).  As  visible  from  fig.l  the  signal  at 
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photon  energies  above  100  keV  gives  an  indication  for  hot  electrons  with  energies  also  above 
100  keV.  Because  of  the  very  weak  detected  signals  in  this  range  no  sufficiently  reliable  data 
could  be  obtained  fi'om  the  SAND  unfolding  algorithm  (Me  Elroy  et  al  1967)  which  was 
applied  to  the  measured  values. 


A  hydrodynamic  radiation 
coupled  code  was  developed 
for  the  simulation  of  the  laser 
plasma  interaction  at  high 
laser  intensities  inclusive 
ponderomotive  effects 

(Kalashnikov  et  al  1994). 
From  the  code  we  obtain  the 
electron  energies  produced 
with  the  temporal  laser 
intensity  development.  With 
the  electrons  produced  one 
can  calculate  solid  target 
Bremsstrahlung,  provided 
that  at  electron  energies 
above  10  keV  the  few 
microns  thick  plasma  layer 
plays  a  minor  role  in  the 
electron  deceleration  process. 

The  electron  deceleration  process  in  the  thick  target  was  calculated  with  the  EGS4-Monte 
Carlo  code  (Nelson  et  al  1985).  In  addition  we  take  tabulated  scaled  Bremsstrahlung  cross 
sections  (Seltzer  and  Berger  1986)  for  the  X-ray  emission  calculation.  The  resulting  spectrum 
from  the  theoretical  electron  energy  distribution  is  also  plotted  in  fig.  1  (thin  solid  curve)  which 
is  scaled  relatively  to  the  experimental  absolute  spectral  fluence  values.  The  curve  represents 
the  angular  emission  (observation  angle)  which  was  relevant  for  the  multi  filter  TLD-detector. 
Between  40  keV  and  100  keV  photon  energy  a  similar  shape  to  the  experiment  is  visible.  The 
hydrod5mamic  code  does  not  predict  as  many  low  energy  photons  as  seen  in  the  experiment. 
That  may  be  due  to  an  overestimation  of  resonance  absorption  in  the  hydrodynamical  radiation 
coupled  code  or  a  slight  uncertainty  in  the  absolute  intensity  distribution.  The  theoretically 
obtained  hot  electron  distribution  and  the  related  X-ray  emission  can  not  be  explained  with  a 
single  temperature  parameter. 

In  addition  to  measurements  of  spectral  components  of  hot  electron  Bremsstrahlung  we  have 
recorded  the  spatial  emission  characteristic  with  a  set  of  TLD's  .  The  distribution  shows  a 
slight  maximum  close  to  the  direction  of  the  target  surface  normal.  The  overall  angular  signal 
variation  is  between  a  factor  2  to  3. 

As  an  additional  effect  from  the  Monte  Carlo  electron  propagation  and  Bremsstrahlung 
coupled  code  one  can  calculate  the  temporal  evolution  of  photon  emission.  So  a 
Bremsstrahlung  pulse  duration  estimation  is  possible.  The  temporal  development  of  the 
Bremsstrahlung  pulse  integrated  over  all  photon  energies  is  shown  in  fig.2.  The  fit  curve  is  an 
exponential  decay  function.  It  was  assumed  that  all  electrons  from  our  theoretical  distribution 
start  at  a  time  t=0.  This  idealized  case  at  least  gives  than  a  lower  bound  of  the  Bremsstrahlung 


Fig.  1  Spectral  fluence  (thick  solid  line)  in  different  energy  channels 
measured  with  the  multi-filter  detector  and  simulation 
(thin  solid  line),  estimated  hot  electron  temperatures: 

Th«  16  keV  (dashed  line)  and  Th«  70  keV  (dotted  line) 
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pulse  width  due  to  multiple 
scattering  and  propagation 
of  the  electrons  in  a  thick 
target  in  case  of  an  energy 
distribution  as  we  have 
taken.  One  can  fold  the  laser 
and  the  idealized  Brems- 
strahlung  pulse  in  order  to 
estimate  the  hard  X-ray 
pulse  duration.  With  our  0.7 
ps  laser  driver  one  can 
expect  an  hard  X-ray  pulse 
of  about  1  ps  from  a 
massive  thick  target. 


Fig.2  Theoretical  calculation  of  the  Bremsstrahlung  pulse  duration 
assuming  a  start  of  all  hot  electrons  at  t=0 

Under  our  experimental  conditions  we  have  observed  and  verified  theoretically  a  multi 
component  hot  electron  temperature  distribution  characterizing  the  Bremsstrahlung  emission  of 
energetic  electrons  produced  in  short  pulse  high  intensity  laser  plasma  interaction. 
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The  multiphoton  ionization  of  molecules  in  strong  laser  fields  has  been 
investigated  for  over  10  years.  However,  the  interpretation  of  the  experiments  has  been 
complicated  by  the  vibrational  time  scales  of  the  molecules.  Specifically,  when  a 
molecules  is  ionized  to  2+  or  higher,  it  becomes  unstable  and  starts  to  dissociation.  At 
pulse  durations  longer  that  100  fsec  the  dissociation  occurs  while  the  laser  pulse  is  still  on 
which  complicates  the  interpretation  of  the  results.  Thus,  there  is  great  interest  in 
performing  these  experiments  with  as  short  a  pulse  duration  as  possible.  To  this  end  we 
have  constructed  an  ultrashort-pulse  laser  system  which  delivers  0.5  mJ  in  35  fsec  with 
good  beam  quality.  Ensuring  the  latter  required  the  careful  design  of  a  multipass 
amplifier. 

There  have  basically  been  two  approaches  to  designing  amplifiers  for  ultrashort 
laser  pulses:  regenerative'  and  multipass^.  Regenerative  amplifiers  have  been  used 
suecessfully,  but  have  two  drawbacks:  they  require  active  injection  and  extraction  of  the 
seed  and  amplified  pulse,  increasing  the  cost  and  complexity  of  the  laser  system.  More 
importantly,  the  active  elements  eonsisting  of  a  Pockels  Cell  and  polarizer  are  traversed 
many  times  during  the  amplification.  This  amounts  to  a  considerable  quantity  of  optical 
material  (potentially  over  60  cm)  seen  by  the  laser  pulse  which  introduces  high  order 
phase  errors  in  the  pulse’s  spectrum.  While  these  phase  errors  can  be  compensated  for  in 
a  sufficiently  elaborate  pulse  compressor,  it  is  not  very  convenient. 

Alternatively,  multipass  amplifiers  are  attractive,  as  they  are  passive  optical 
devices  and  contain  only  the  amplifying  crystal.  An  8-pass  amplifier  with  an  0.5  cm 
Ti:Sapphire  crystal  has  only  4  cm  of  material.  This  is  much  easier  to  compensate.  Ref.  2 
presents  a  particularly  simple  multipass  amplifier.  However,  to  prevent  degradation  of 
the  beam  quality  upon  successive  passes  through  the  amplifier  they  had  to  place  an 
aperture.  Unfortunately,  an  aperture  in  the  far  field  of  a  beam  (i.e.  not  at  the  waist)  can 
only  affect  the  beam  quality  for  a  short  distance,  as  it  does  not  remove  high  spatial 
frequencies  from  the  beam. 

In  order  to  correct  these  problems  we  have  modified  the  design  of  Ref.  2  as  shown 
in  Figure  1.  Instead  of  a  three  mirror  ring  amplifier,  we  used  five  mirrors.  This  allows  us 
to  independently  adjust  the  angle  of  incidence  on  the  curved  mirrors.  It  is  well  know  that 
a  slab  of  glass  at  an  angle  with  respect  to  the  optical  axis  can  compensate  the  astigmatism 
introduced  by  using  mirrors  off  normal  incidence.  With  complete  control  over  the  angle 
of  incidence  and  using  the  Ti:Sapphire  crystal  at  Brewster’s  angle  we  could  completely 
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compensate  the  astigmatism  in  the  amplifier.  When  we  used  a  three  mirror  cavity,  we 
noticed  many  of  the  effects  mentioned  in  Ref.  2,  such  as  the  beam  enlarging  on  each  pass, 
attributed  to  thermal  lensing,  which  was  the  purpose  of  aperturing  the  beam  in  Ref.  2. 
However,  the  five  mirror  cavity  showed  no  adverse  effects  due  to  thermal  lensing  and  the 
beam  size  and  quality  was  maintained  on  each  pass  without  any  apertures.  Indeed,  our 
estimates  of  thermal  lensing  indicated  that  it  should  not  be  a  problem.^  Thus,  we  attribute 
the  degradation  of  the  beam  quality  in  the  three  mirror  amplifier  design  to  astigmatism. 

In  addition  to  maintaining  the  beam  quality  without  any  apertures,  we  wanted  to 
have  full  control  over  the  modematching  of  the  amplified  beam  with  the  pump  volume. 
In  Ref.  2,  the  central  mirror  was  a  single  surface.  This  will  complete  the  ring  and  have  all 
of  the  beams  overlap  in  the  gain  region  only  if  the  separation  of  the  curved  mirrors  is 
equal  to  their  radius  of  curvature.  Eight  passes  is  enough  that  the  amplifier  should  be 
designed  along  the  lines  of  a  cavity,  i.e.  the  waist  of  the  beam  which  repeats  without 
change  will  depend  on  the  curved  mirror  separation.  With  a  single  central  mirror  the 
curved  mirror  separation  is  fixed,  and  thus,  so  is  the  beam  waist.  In  order  to  lift  the 
constraint  on  the  beam  waist,  we  had  to  allow  the  curved  mirror  separation  to  change. 
This,  in  turn,  means  that  the  central  mirror  cannot  be  one  flat  mirror,  as  the  beam  waists 
would  not  all  overlap  in  the  crystal.  We  replaced  the  single  flat  central  mirror  with  six 
independently  controllable  mirrors,  one  for  each  pass.  In  addition,  the  first  pass  is 
controlled  by  the  input  beam  and  the  fifth  pass  by  a  vertical  retroreflector  (see  Figure  1). 
Thus,  the  overlap  of  the  individual  beams  in  the  crystal  could  always  be  maintained. 
With  these  changes  in  place,  the  amplified  beam  was  essentially  identical  to  the 
unamplified  beam  at  the  exit  of  the  amplifier. 

As  noted  above,  an  important  reason  for  producing  such  short  laser  pulses  is  to 
investigate  strong-field  ionization  of  molecules.  One  apparently  puzzling  observation  has 
been  that  when  molecules  ionize  and  fragment,  the  kinetic  energies  of  the  ion  fragments 
is  always  systematically  less  than  what  would  be  expected  if  the  ionization  occurred  at 
the  internuclear  separation  of  the  ground  state  neutral  molecule,  R^.'*  Recent  theories^ 
offer  a  good  explanation  for  this,  in  that  calculations  show  that  the  ionization  rate  of  a 


Figure  1:  Eight  pass  amplifier.  The  retroreflector  displaces  the  beam  in  the  vertical 
direction.  The  incoming  and  out  going  beams  are  at  different  heights. 
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molecule  depends  strongly  on  the  intemuclear  separation  and,  in  fact,  peaks  strongly  at  a 
critical  separation,  R^,  which  is  about  2-3  times  Re-  If  the  molecule  expands  sufficiently 
during  the  laser  pulse  through  dissociation  to  reach  R^,  then  most  of  the  ionization  will 
occur  at  this  point  and  yield  lower  energy  fragments.  The  intent  of  using  very  short 
pulses  is  to  complete  the  ionization  process  before  any  dissociation  can  occur,  and  thus, 
be  able  to  separate  out  these  effects.  Figure  2  shows  our  recent  measurements  of  the 
kinetic  energies  of  the  ion  fragments  of  nitrogen  following  strong-field  ionization.  The 
energies  were  recorded  using  a  standard  time-of-flight  chamber.  It  is  remarkable  that 
even  at  very  short  pulse  durations,  the  ion  fragments  have  precisely  the  same  energies  as 
measured  at  100  fsec  and  1  psec.  We  now  plan  to  take  more  extensive  data  to  further  test 
the  model  of  ionization  taking  place  at  a  critical  separation. 


Figure  2:  Energy  distribution  of  N'*  ions  following  strong  field  ionization.  Arrows 
indicate  measured  values  from  Ref.4. 
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We  have  employed  a  novel  method.  Intensity  Selective  Scanning  [1,  2],  to  measure 
time-of-flight  mass  spectra  of  ions  produced  by  strong  field  laser  ionization.  The  hallmark 
of  this  technique  is  that  it  eliminates  a  serious  problem  inherent  in  traditional  experiments: 
the  complex  spatial  distribution  of  intensities  present  in  the  ionizing  pulse.  As  a 
consequence,  it  becomes  possible  to  extract  ionization  yields  as  a  function  of  intensity 
directly  from  the  experimental  data,  without  the  previous  complication  of  untangling  them 
from  a  spatially  averaged  signal.  We  present  results  for  xenon  ionized  by  laser  pulses  at 
intensities  ranging  from  to  4xl0l4  w/cm^. 

We  recorded  time-of-flight  mass  spectra  of  xenon  using  a  1  kHz  Ti:Sapphire  laser 
system,  generating  120  fs,  800  nm  output  pulses  with  an  energy  of  700  mJ  per  pulse.  The 
absolute  peak  intensity  at  the  minimum  beam  waist  was  held  fixed  while  spectra  over  the 
range  were  recorded  via  the  ISS  technique,  which  involves  limiting  the  volume  observed 
by  placing  an  aperture  at  the  end  of  the  spectrometer's  flight  tube  near  the  interaction 
region.  Ions  are  detected  only  from  positions  in  the  laser  focus  which  are  in  the  direct  line 
of  sight  of  the  detector. 

By  restricting  the  spatial  extent  of  the  region  from  which  the  observed  signal  originates, 
in  these  experiments  to  a  500pm  wide  rectangular  "slice"  along  the  longitudinal  axis  of  the 
focus,  we  were  able  to  reduce  the  usually  complicated  spatial  distribution  of  intensities 
responsible  for  producing  ions  to  essentially  a  one-dimensional  radial  distribution  about  the 
axis.  This  reduced  dimensionality  allows  the  deconvolution  of  the  ion  signal  to  be 
performed  by  a  simple  procedure,  so  that  the  ionization  yields  as  a  function  of  intensity 
could  be  deduced  directly  from  the  experimental  data.  Determination  of  the  specific  spatial 
characteristics  of  our  focus  was  sufficient  to  allow  this  to  be  done.  This  is  in  contrast  to 
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Fig.  1.  Experimental  ion  yield  curves  vs.  intensity  found  using  the  ISS  technique.  The 
higher  charge  state  curves  have  been  scaled  to  reflect  the  estimated  relative  efficiency  of 
the  ion  detector. 
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Fig.  2.  Theoretical  ion  yield  curves  vs.  intensity.  The  curves  were  generated  by  using 
a  simple  rate  equation  approach  with  rates  estimated  as  multiphoton  with  effective 
cross  section  and  order  and  integrating  this  signal  over  the  radial  intensity  distribution. 
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This  method  makes  it  possible  to  directly  observe  the  single-atom,  single  intensity 
response  and  then  compare  this  with  theory,  rather  than  comparing  averaged  model 
predictions  to  averaged  signals,  which  is  the  best  that  can  be  done  otherwise. 

Figures  1  and  2  represent  a  comparison  of  the  experimental  data  with  a  simple 
theoretical  model.  The  modeling  approach  was  to  solve  a  set  of  rate  equations  for  the 
relative  ionization  after  passage  of  the  pulse,  given  a  specific  temporal  peak  intensity.  This 
intensity  was  then  varied  to  produce  a  plot  of  relative  yield  vs.  intensity.  The  ionization 
rates  were  estimated  as  multiphoton  with  effective  cross  sections  and  orders.  Figure  1 
shows  the  experimental  data  obtained  using  ISS.  It  was  necessary  to  scale  the  signal 
curves  for  the  higher  charge  states  using  estimated  values  for  the  relative  efficiencies  of  the 
multichannel  plates  used  to  detect  the  ions.  The  limitation  of  the  signal  source  volume  is 
evident  in  the  rollover  of  the  single  ion  curve  around  1.3  x  10^^  W/cm^.  This  results  from 
the  saturation  of  the  single  ionization  in  the  volume  and  subsequent  depletion  of  single  ions 
by  double  ionization. 

The  precise  intensity  control  available  with  the  ISS  technique  coupled  with  its 
simplification  of  the  extraction  of  meaningful  physical  information  from  observed  signals  is 
an  important  step  toward  understanding  ionization  in  high  fields,  in  particular  its  behavior 
with  intensity.  Experiments  can  now  be  performed  to  collect  data  which  is  easily 
transformed  to  a  representation  directly  compatible  with  theory,  replacing  the  need  to 
manipulate  averaged  theories  to  match  averaged  data  so  that  they  meet  somewhere  in  the 
middle. 
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We  have  observed  for  the  first  time  higher  order  multiphoton  resonances  in  xenon.  The  clear 
evolution  through  parity-allowed  resonances  at  the  8-  and  subsequent  9-photon  level 
demonstrates  the  validity  of  the  transient  resonance  model  up  to  the  saturation  intensity.  At  high 
laser  intensities  (>  10^2  W/cm^)  the  ionization  limit  and  high  lying  Rydberg  states  of  xenon  shift 
ponderomotively  upward  and  ionization  occurs  via  transient  resonances  with  specific  multiples  of 
the  incident  photons  [1].  We  have  observed  a  very  clear  evolution  of  transient  8-photon 
resonances  showing  the  successive  appearance  of  Rydberg  states  and  a  large  enhancement  in 
photoelectron  signal  when  reaching  the  higher  order  9-photon  resonances.  This  observation 
furthers  our  understanding  of  the  fundamental  ionization  process  in  strong  fields. 

We  have  recorded  photoelectron  time-of-flight  spectra  of  xenon  using  a  1  kHz  Ti:Sapphire 
laser  system,  generating  120  fs,  800  nm  output  pulses  with  an  energy  of  700  mJ  per  pulse.  The 
absolute  peak  intensity  at  the  minimum  beam  waist  was  held  fixed  while  spectra  at  different 
intensities  were  recorded  via  Intensity-Selective-Scanning  [2].  Using  this  technique,  only  a 
selected  'slice'  instead  of  the  entire  Gaussian  focal  volume  is  exposed  to  the  detector.  By 
scanning  the  slice  along  the  propagation  direction  we  achieve  precise  intensity  control,  better 
signal-to-noise  ratios,  and  signal  gain  at  low  intensities  due  to  the  volume  increase  of  the 
diverging  laser  beam. 

Fig.  1  shows  the  photoelectron  kinetic  energy  spectra  for  the  intensity  range  -  5xl0i3 

W/cm2.  The  ionization  potential  for  leaving  neutral  Xe  in  the  single  ion  state  is  12. 127  eV. 
Given  800  nm  photons  (1.55  eV),  the  first  parity-allowed  multiphoton  resonance  for  the  f-series 
Rydberg  states  occurs  with  the  8-photon  level.  As  the  intensity  is  raised  beyond  the  threshold  for 
observing  the  4f-state,  the  overall  signal  keeps  rising,  yet  the  4f-resonance  becomes  clearly  the 
dominant  spectral  feature.  Since  low  lying  Rydberg  states  require  higher  ionization  intensities, 
the  4f-ionization  rate  exceeds  those  of  higher  lying  f-states  and  the  4f-peak  dominates  the 
spectrum  (Figs.  Ic,  Id),  despite  the  smaller  volume  within  which  the  4f-resonance  occurs. 
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Fig.  1.  High  intensity  photoelectron  spectra  showing  the  transition  from  8-  to  9- 
photon  resonances  in  xenon  using  800  nm  light  at  intensities  from  2x10^^  - 
5x10^3  W/cm2.  All  curves  are  vertically  shifted  and  normalized  to  a  common 
maximum  amplitude. 


In  Figs.  Id,  le  a  broad  feature  appears  below  the  4f-state.  This  region  consists  of  a  cluster 
of  7p-states  as  well  as  indications  of  nonresonant  contributions  to  the  ionization.  Figs.  If-lh 
display  the  sudden  emergence  of  Rydberg  g-states  once  the  a.c.-Stark  shift  brings  them  into  9- 
photon  resonance.  Each  curve  is  normalized  to  a  common  maximum  amplitude  for  better 
comparison  of  relative  effects.  While  the  8-photon  4f-state  contribution  remains  fairly  constant  in 
Figs,  le-lh,  the  effects  of  the  9-photon  resonances  at  higher  intensities  increase  dramatically  and 
dominate  the  spectrum.  The  width  of  the  9-photon  features  is  smaller  than  that  of  the  8-photon 
peaks.  This  is  may  be  an  indication  of  a  longer  lifetime  for  the  9-photon  resonances. 

In  conclusion,  we  have  observed  for  the  first  time  higher  order  multiphoton  ionization  using 
Intensity-Selective-Scanning,  a  novel  technique  of  photoelectron  spectroscopy.  Our  measure¬ 
ments  demonstrate  a  new  level  of  precision  in  intensity  control  and  signal-to-noise  quality. 

[1]  R.R.  Freeman  et  al,  Phys.  Rev.  Lett.  59,  1092  (1987). 

[2]  P.  Hansch  and  L.D.  Van  Woerkom,  Optics  Letters  21,  1286  (1996). 
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Gas  clusters  irradiated  with  ultrashort,  high 
intensity  laser  pulses  can  exhibit  “ionization  ig¬ 
nition”  which  leads  to  very  high  charge  states 
that  are  significantly  higher  than  those  for 
equivalent  laser  pulses  applied  to  atoms  in  the 
gas  phase  [1,2].  Moreover,  such  laser  generated 
plasmas  from  clusters  might  serve  as  bright 
sources  of  ultrashort  duration,  hard  x-rays  [3-5]. 
Experimental  shapes  of  the  x-ray  emission  spec¬ 
tra  are  distinctly  non-thermal  and  show  evidence 
of  multiple  inner  shell  holes  [6]  and  high  elec¬ 
tron  kinetic  energies  [7]. 

The  ionization  dynamics  of  small  rare  gas 
clusters  was  studied  using  a  Classical  Trajectory 
Monte-Carlo  (CTMC)  model  as  described  in 
detail  elsewhere  [8,  9].  25-atom  Ne  clusters  and 
25-atom  Ar  clusters  are  modelled  as  irradiated 
by  a  800  nm,  15  fs  (fwhm)  laser  pulse  with  peak 
intensities  ranging  from  5x10'^  to  5x10”  W/cm^. 
While  enforcing  a  chosen  nearest  neighbor  dis¬ 
tance,  the  atoms  are  initially  randomly  placed 
inside  a  boundary  volume.  This  arrangement  is 
subsequently  equilibrated  at  T  =  0  using 
Lennard-Jones  potentials  for  the  atom-atom  in¬ 
teractions  which  leads  to  cluster  geometries  simi¬ 
lar  to  experimentally  found  structures  [10].  The 


cluster  is  placed  in  a  laser  field  free  region  and 
the  calculations  are  performed  while  the  laser 
pulse  passes  through  this  volume.  The  output 
data  for  neon  are  subsequently  used  to  calculate 
the  inner  shell  electron  impact  ionization  prob¬ 
abilities  using  Lotz’  formula  [11]  normalized  to 
a  “classical  atom  size”  of  74,500  pm^.  Due  to 
the  classical  nature  of  this  approximation  and  of 
our  model,  these  probabilities  are  only  used  for 
comparison  of  the  ionization  dynamics  of  dif¬ 
ferent  atomic  shells. 

The  atoms  are  modeled  by  placing  electrons 
into  classical  orbits  [8,  9]  so  that  the  ionization 
energies  equal  the  experimental  values.  In  order 
to  prevent  unphysical  ionization,  the  interactions 
among  bound  electrons  are  restricted.  Ions,  outer 
shell  electrons  and  ionized  electrons  interact  via 
Coulomb  forces.  These  charged  particles  simul¬ 
taneously  interact  with  the  laser  and  the  field  of 
the  other  charged  particles.  The  calculations  are 
relativistic  and  thus  include  the  magnetic  forces 
of  the  laser  field. 

The  ionization  dynamics  can  be  attributed 
to  the  laser  field  which  initiates  the  cluster  ion¬ 
ization  and  subsequently  removes  electrons  from 
the  cluster  while  the  large  field  due  to  ionized 


electrons  and  ions  further  enhances  ionization. 
Only  inner  shell  electrons  are  left  which  are  too 
tightly  bound  to  permit  ionization. 

As  depicted  in  Fig.  1,  the  maximum  aver¬ 
age  charge  state  reached  rises  very  rapidly  as  the 
peak  laser  intensity  is  increased  to  about  5x10’^ 
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Fig.l:  Maximum  average  charge  state  and  total  number  of  elec- 
tron  -  ion  collisions  vs.  peak  laser  intensity  for  a  constant  laser 
pulse  width  of  15  fs  (fwhm)  and  for  a  25  atom  neon  cluster.  Prior 
to  the  interaction  of  laser  pulse  and  cluster,  the  initial  average  nearest 
neighbor  distance  between  the  nuclei  is  353  pm. 


W/cm^.  Thereafter,  as  nearly  the  entire  outer  shell 
of  neon  is  ionized,  the  slope  levels  off.  While,  at 
the  lowest  intensity,  gas  phase  atoms  would  be 
singly  ionized,  a  charge  state  of  2.5  is  reached 
for  a  25-atom  cluster.  This  corresponds  to  62 
ionized  electrons  and,  when  compared  to  the  to¬ 
tal  number  of  electron-ion  collisions,  shows  that 
on  average  nearly  every  electron  collides  with 
an  ion  during  the  course  of  the  laser  cluster  in¬ 
teraction.  This  leads  to  strong  collisional  heat¬ 
ing  of  the  electrons  and  causes  their  random 
motion.  As  the  laser  peak  intensity  increases,  the 
number  of  electron-ion  collisions  decreases.  The 
laser  field  gets  increasingly  stronger  compared 
to  the  charged  particle  field  inside  the  cluster  and, 
therefore,  can  remove  electrons  from  the  cluster 
more  efficiently.  Due  to  the  increasing  laser  in¬ 
tensity,  the  acceleration  of  the  electrons  increases 
which  results  on  average  in  a  larger  energy  gain 
per  collision.  Since  collisional  heating  is  depen¬ 
dent  on  the  number  of  collisions  and  the  energy 
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gain  per  event,  the  strongest  heating  occurs  at 
intermediate  laser  intensities  around  5x10'®  W/ 
cm^.  This  effect  causes  the  maximum  for  the  K 
shell  ionization  probability,  as  shown  in  Fig.  2. 

While  the  K  shell  electron  impact  ionization  falls 
off  at  higher  peak  laser  intensity,  the  L  shell  ion¬ 
ization  probability  remains  approximately  con¬ 
stant.  To  illustrate  the  effect  of  the  cluster  size 
on  the  L  shell  ionization,  calculations  for  a  55- 


Maximum  laser  intensity  (W/cm^) 

Fig.2:  Total  electron  impact  ionization  probability  of  the  K  and 
L  shells  for  the  same  calculations  as  shown  in  Fig.  1 .  Also  shown 
is  the  L  shell  ionization  probability  for  a  55  atom  neon  cluster. 


atom  neon  cluster  are  performed  and  the  corre¬ 
sponding  data  point  is  reproduced  in  Fig.  2.  It  is 
important  to  note  that  the  ionization  probability 
is  not  just  larger  by  a  factor  2.2,  the  ratio  of  the 
number  of  atoms  in  the  55  and  25-atom  clusters, 
but  is  about  5.5  times  higher.  This  is  due  to  the 
longer  propagation  time  for  the  electrons  to  leave 
the  cluster,  which  enhances  the  collisional  heat¬ 
ing.  Nevertheless,  at  this  laser  intensity  for  the 
55-atom  cluster,  no  K  shell  ionization  is  found. 

Similar  ionization  characteristics  as  pre¬ 
sented  for  neon  clusters  were  also  found  for  25 
atom  argon  clusters.  The  initial  average  nearest 
neighbor  distance  between  the  nuclei  prior  to  the 
interaction  of  laser  pulse  and  cluster  is  382  pm. 
Upon  illuminating  such  clusters  by  800  nm,  15  fs 
(fwhm)  laser  pulses  with  a  peak  laser  intensity 
of  5x10'®  W/cm^,  the  M  shell  of  each  argon  atom 
is  completely  ionized,  producing  clusters  of  Ar^* 
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Fig.3:  Average  electric  field  from  other  ions  and  ionized  electrons 
at  the  position  of  the  nuclei  of  a  25-atom  argon  cluster,  The  cluster 
is  illuminated  by  a  800  nm,  15  fs  laser  pulse  with  a  peak  intensity 
of  5xl0'^W/cm^  whose  electric  field  oscillations  are  drawn  as  a 
thin  line.  Note  the  logarithmic  scale. 


V/m  within  10  fs.  This  is  much  higher  than  the 
peak  laser  field  of  about  2  x  10"  V/m  and  shows 
the  predominant  influence  of  the  charged  par¬ 
ticle  field  on  the  ionization  dynamics.  Consid¬ 
ering  this  high  field,  it  is  not  surprising  that 
highly  charged  ions  are  measured  in  many  re¬ 
lated  cluster  ionization  experiments  [1,2]  and 
that  their  charge  states  are  substantially  higher 
than  for  equivalent  laser  pulses  applied  to  gas 
phase  atoms. 

The  electric  field  decreases  as  soon  as  a 
significant  number  of  electrons  have  left  the  clus¬ 
ter  and  the  ion  density  drops.  The  subsequent 
Coulomb  explosion  accelerates  ions  to  substan¬ 
tial  kinetic  energies  within  20  fs  after  the  begin¬ 
ning  of  the  laser  pulse,  as  shown  in  Fig.  4.  This 
is,  again,  a  signature  of  “ionization  ignition”. 


ions  within  1 1  fs  after  the  beginning  of  the  la¬ 
ser-cluster  interaction.  Collisional  electron  heat¬ 
ing  causes  L  shell  electron  impact  ionization.  Due 
to  the  high  ionization  potential  of  3205.9  eV,  no 
K  shell  vacancies  are  produeed.  For  argon  clus¬ 
ters  as  well  as  neon  clusters  the  density  drops  to 
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Fig.4:  Average  charge  state  of  the  cluster  ions  and  average  ion 
kinetic  energy  for  the  same  calculations  displayed  in  Fig.  3. 


one  tenth  of  its  initial  value  within  about  10  fs, 
due  to  the  Coulomb  repulsion.  As  depicted  in 
Fig.  3,  the  average  electric  field  at  the  position 
of  each  ion  solely  produced  by  surrounding  ions 
and  ionized  electrons  rises  to  values  of  up  to  10'^ 
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Recent  experimental  observations  suggest  that  interaction  of  intense  laser  radiation  with 
rare  gas  clusters  jets  provides  an  efficient  source  of  X-rays  and  highly  charged,  energetic 
particles.  Concerning  the  generation  of  X-rays  the  most  prominent  examples  are  the  observation 
of  (i)  Xe(M)  an  Kr(L)  shell  transitions  with  energies  E  up  to  5k;eV  reported  by  Rhodes  and  co¬ 
workers  [1],  (ii)  non-coherent  soft  X-rays  (E<500eV)  on  a  nanosecond  timescale  reported  by 
Perry  and  co-workers  [2],  and  (iii)  efficient  high  harmonic  generation  from  Xenon  clusters 
reported  by  Ditmire  et  al.  [3],  Regarding  the  production  of  energetic  particles,  Ditmire  et  al.  [5] 
have  reported  Xe‘'^-ions  with  extremely  high  kinetic  energies  exceeding  100  keV  when  using 
150fs  pulses  with  intensities  up  to  10*®W/cm^.  Interestingly,  Snyder  et  al.  [4]  were  able  to  detect 
high  charge  states  such  as  Xe^®"^  in  a  time-of-flight  mass  spectrometer  after  applying  350fs  pulses 
at  intensities  of  only  10*^  W/cm^  to  mixed  He-Xe  expansions.  In  a  recent  study  of  Argon  clusters 
we  have  made  very  similar  observations  in  a  moderate  intensity  regime  of  lO^^W/cm^  [6]  using 
30ps  pulses  at  1064nm.  Our  experimental  results  suggest  that  the  underlying  mechanism  is 
efficient  electron-ion  collisional  heating  of  cluster-sized  nanoplasmas,  similar  to  the  interpretation 
proposed  by  Perry  et  al  [2], 
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In  the  present  work,  we  have  performed  a  extensive,  quantitative  study  on  the  X-ray 
generation  and  ion  production  as  a  function  of  the  laser  intensity  (I<10^’W/cm^)  and  the 
clustering  conditions.  To  this  end,  we  have  investigated  large  (Ar)„,  (Kr)„,  and  (Xe)„  clusters  with 
estimated  average  sizes  n  of  up  to  1000  and  more  using  130fs  pulses  with  a  total  energy  of  up  to 
40mJ  at  790nm  and  395nm.  The  laser  light  is  focused  into  the  cluster  jet  using  an  off-axis 
parabolic  mirror.  Ion  charge  states  and  energies  have  been  characterized  using  time-of-flight 
mass  spectrometry.  X-ray  photons  (E>lkeV)  are  analyzed  using  a  polarized  Si(Li)  Junction. 

We  will  present  exact  X-ray  photon  yield  measurements  as  a  function  of  the  laser 
intensity,  wavelength  and  pulse  duration  as  well  as  on  the  mean  cluster  size.  We  obtain  scaling 
laws  which  are  in  clear  contradiction  to  previous  experimental  observations  [1,2]. 
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The  interaction  of  intense  femtosecond  duration  laser  pulses  with  dense  plasmas  is  replete  with 
new  plasma  phenomena  and  exciting  experimental  opportunities.  The  intense  fields  within  laser 
radiation  with  power  levels  in  10*^  W/cm^  range  interacting  with  dense  plasmas  leads  to  the 
generation  of  enormous  bursts  of  energetic  electons  (j  -  10**  A/cm^)  that  then  give  rise  to  the 
production  of  intense  hard  x-ray  emission  and  unprecedented  magnetic  fields  that  could  be  in  the 
GigaGauss  range[l-3].  The  role  these  phenomena  play  on  the  particle  dynamics  in  these  plasmas 
poses  many  interesting  questions.  As  the  development  of  femtosecond  laser  systems  reaches 
these  conditions[4,5]  ,the  examination  of  these  phenomena  becomes  possible. 

In  this  paper  we  examine  the  interaction  of  intense  100  fs  laser  light  with  targets  of  the  heavy 
isotopes  of  hydrogen.  The  interaction  is  modeled  with  a  hydrodynamic  code  (RAPID)  that 
includes  approximations  for  the  radiation  coupling  physics  and  the  subsequent  particle  transport 
and  kinetics.  In  particular  we  examine  the  dynamics  of  the  ions  within  the  plasma,  and  the 
generation  of  neutrons  in  these  plasmas.  An  example  of  the  conditions  predicted  to  exist  in  these 
plasmas  is  shown  in  Fig.l,  which  shows  the  spatial  dependence  of  the  electron  and  ion 
temperatures,  the  plasma  density  and  pressure  midway  through  the  interaction  of  a  100  fs 
(FWHM)  850  nm,  1  J  laser  pulse  focused  to  a  10  pm  diameter  spot  on  a  CgDs  target  .  These 
conditions  are  expected  to  be  generated  by  the  upgraded  CrLiSAF  laser  system  currently  nearing 
completion  at  CREOL  [6].  Of  particular  interest  are  the  extremely  high  pressures  generated  in 
the  interaction  region  (~  100  mJ/cm*),  and  the  very  high  ion  temperatures  predicted  (  ~  100  keV). 
These  conditions  give  rise  to  the  generation  of  a  significant  flux  of  neutrons.  Neutron  fluxes  of  ~ 
10*  are  predicted  for  these  plasma  conditions. 
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Fig  1.  Hydro  code  simulations  of  the  electron  and  ion  temperatures  Te  and  T;,  and  the  plasma 
density  ,  p,  and  pressure,  P. 


The  extremely  high  electric  and  magnetic  fields  generated  in  the  plasma  will  have  a  major  impact 
on  the  atomic  structure,  and  possible  also  the  near  nuclear  field.  Magnetic  fields  in  the  QgaGauss 
region  will  tend  to  create  modified  states  of  matter  consisting  of  a  distribution  of  atoms 
transformed  into  a  pseudo-molecular  state  in  which  outer  electron  orbits  of  ions  and  atoms 
envelope  other  nuclei  in  directions  normal  to  the  field.  The  conductivity  of  this  distribution  will 
consequently  be  strongly  dependent  on  the  magnitude  and  direction  of  the  field.  These  and  other 
features  of  the  interaction  physics  will  be  discussed. 
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We  have  previously  reported  the  development  of  a  laser  plasma  EUV  source,  using 
mass-limited  water  droplets,  based  on  the  13  nm  and  11.6  nm  O*  lines,  for  EUV 
projection  lithography  [1].  The  spectrum  from  this  source  is  shown  in  Fig.  1.  A  vital 
feature  of  this  approach  [2  ,3  ]  is  the  incorporation  of  a  target  limited  in  mass  to  the 
minimum  number  of  EUV  atomic  radiators  required.  This  feature  has  advantages  for 
EUV  lithography  and  other  applications  in  minimizing  the  collateral  debris  and  allowing 
for  continuous  operation  without  the  need  for  periodic  maintenance  of  the  optics  or  target 
material  replenishment.  Debris  effects  were  quantified  by  the  measurement  of  the 
reflectivity  of  a  Mo/Si  multilayer  mirror,  placed  4  cm  from  the  source,  for  >  10*  laser 
shots.  Fig.  2.  The  <  1  %  variation  in  reflectivity  allows  us  to  predict  that  the  system  could 
run  for  up  to  10*  shots  without  any  major  degradation  in  performance. 

We  are  now  developing  this  source  to  emit  at  other  wavelengths  by  using  droplets 
of  other  materials.  This  investigation  includes  the  use  of  liquids  other  than  H2O,  liquid 
dyes  and  particles  in  liquid  suspension.  The  variation  of  the  target  material  and  the 
irradiation  parameters  then  provides  a  broad  range  of  EUV  to  soft  x-ray  emission 
characteristics,  while  at  the  same  time  minimizing  collateral  damage  from  target  debris. 
The  short  wavelength  emission  is  in  the  form  of  line  emission,  Planckian  light  from  the 
collisional  plasma,  or  broadband  or  unresolved  transition  array  emission  from  muli-ion 
species. 


Although  our  initial  studies  involve  a  fixed  nozzle  diameter  liquid  jet,  that 
produces  droplets  20  pm  in  diameter,  at  a  frequency  of  1  MHz,  we  are  now  investigating 
the  production  of  droplets  with  diameters  from  400  pm  at  1  kHz  to  20  pm  at  1  MHz. 
Variability  of  the  target  diameter  will  provide  for  greater  options  in  source  size  and 
fluence,  depending  on  the  laser  used  to  produce  the  plasma. 
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Concurrent  with  these  experimental  investigations  detailed  theoretical  calculations 
are  being  made  of  the  plasma  characteristics  using  the  one-dimensional  hydrodynamic 
code  Medusa  [4,5],  In  conjunction  with  the  RATION  [6]  atomic  physics  code  this 
permits  an  estimation  of  the  line  emission  from  the  plasma,  Fig.  1.  In  this  paper  we  will 
report  on  detailed  comparisons  of  these  calculations  with  the  experimental  findings. 
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The  guiding  of  80  fe  pulses  over  a  1  cm  distance  in  a  prefomed  plasma  waveguide  has  been 
demonstrated.  The  guided  pulses  were  produced  by  a  Ti:sapphire  laser  system.  The  plasma 
waveguide  was  created  in  a  neutral  gas  by  using  a  separate  laser  system  which  consists  of  a  100 
ps  Nd:YAG  oscillator  seeding  a  Nd:YAG  regenerative  amplifier  and  two  power  amplifiers.  In 
order  to  achieve  stable  guiding  it  was  necessary  to  synchronize  these  two  laser  systems  so  that 
the  time  jitter  between  them  is  substantially  less  then  time  scale  over  which  significant  changes  in 
the  plasma  waveguide  can  occur. 

Our  femtosecond  laser  system  is  based  on  the  widely  used  chirped  pulse  amplification  scheme  [1] 
and  consists  of  a  Tirsapphire  oscillator,  an  all -reflective  broadband  stretcher,  a  Ti:sapphire 
regenerative  amplifier  and  a  diffraction  grating  compressor. 

The  oscillator  contains  a  10  mm  long  Ti:sapphire  crystal  which  is  pumped  by  4  Watts  of  an  Ar+ 
ion  laser  in  the  ‘all  lines’  regime.  At  this  pump  level  we  typically  have  300  mW  of  average  power 
Ti:Sapphire  oscillator  output.  The  output  pulse  duration  is  <  50  fs  (FWHM  assuming  gaussian 
pulse  profile)  while  the  spectrum  width  is  typically  >  25  nm  FWHM  centered  at  780  nm. 

The  output  pulses  of  the  oscillator  are  stretched  to  -200  ps  by  a  single  grating  all-reflective  design 
stretcher,  similar  to  the  one  described  in  ref.  [2].  The  stretcher  has  a  dispersion  of  10  ps/nm  and 
an  80  nm  bandpass. 

The  output  pulses  of  the  stretcher  are  seeded  into  a  10  Hz  repetition  rate  regenerative  amplifier 
pumped  by  35  mJ  of  the  second  harmonic  output  from  a  Q-switched  Nd:YAG  laser.  Typical 
output  of  the  amplifier  is  above  1  mJ.  The  Tirsapphire  oscillator  is  currently  located  in  a 
separate  room  from  the  regenerative  amplifier  and  the  plasma  waveguide  producing  Nd:YAG 
system.  The  resulting  distance  between  the  regenerative  amplifier  and  oscillator  is  of  the  order  of 
10  m.  Though  this  requires  more  careful  alignment  of  the  stretcher  it  was  found  to  improve 
optical  isolation  between  the  regenerative  amplifier  and  oscillator  reducing  the  probability  of 
leakage  from  the  regenerative  amplifier  terminating  the  self  mode-locked  regime  of  the  oscillator. 
Following  pulse  compression  to  -80  fs,  the  energy  is  typically  500  pJ. 

The  output  of  this  femtosecond  system  has  been  synchronized  with  a  Nd:YAG  laser  system, 
which  is  described  in  detail  elsewhere.[3]  The  Nd;YAG  system  consists  of  an  actively  mode 
locked  oscillator  driven  by  a  38  MHz  signal.  The  output  train  of  the  NdrYAG  oscillator  has  a 
repetition  rate  at  the  doubled  mode  locker  frequency  which  is  76  MHz.  Single  oscillator  pulses  of 
100  ps  duration  are  amplified  by  a  flashlamp  pumped  NdrYAG  regenerative  amplifier/power 
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amplifier  system  up  to  500  mJ  with  a  10  Hz  repetition  rate.  The  output  of  this  system  is  then 
used  to  produce  plasma  waveguides  as  described  in  [4] .  Typical  time  scales  for  the  plasma 
waveguide  evolution  is  of  the  order  of  nanoseconds,  which  is  known  both  from  experimental 
observations  and  computer  simulations  [4].  Thus,  in  order  to  couple  the  output  of  a  femtosecond 
system  into  the  waveguide,  these  two  systems  should  be  synchronized  to  within  ~1  ns. 

The  synchronization  was  realized  by  using  a  feedback  loop  which  automatically  adjusts  the  cavity 
length  of  the  Ti;sapphire  oscillator  so  that  the  repetition  rate,  or  to  be  more  exact,  the  phase  of  the 
pulse  train  generated  by  this  oscillator  is  exactly  the  same  as  one  from  the  Nd:YAG  oscillator. 
Fine  cavity  length  adjustment  is  done  by  putting  one  of  the  folding  mirrors  on  a  piezo-driven 
translator.  A  voltage  applied  to  the  PZT  is  produced  by  a  phase  comparator  which  compares 
phases  of  an  electrical  signal  produced  by  the  Ti:sapphire  pulse  train  on  a  photodiode  and  the  38 
MHz  reference  signal  from  the  Nd:YAG  oscillator,  which  is  the  doubled  RF  signal  from  the 
modelocker.  Since  long  term  cavity  changes  due  to  thermal  variations  may  be  larger  than  the 
range  of  a  PZT,  the  end  HR  mirror  is  positioned  on  a  motorized  drive  which  allows  the 
preliminary  equalization  of  the  cavity  lengths  ‘manually’  until  the  difference  between  them  is 
within  a  PZT  working  range. 

The  time  jitter  between  the  two  laser  systems  is  within  the  1  ns  response  time  of  the  photodiode 
used  for  observation.  Additionally,  there  was  little  shot-to-shot  variation  in  the  guided  pulse  spot 
size,  proving  the  synchronization  is  sufficient  for  this  experiment. 

A  typical  output  mode  of  an  80  fs  pulse  guided  by  the  plasma  waveguide  is  shown  in  Fig.  1.  For 
this  experiment  500  mJ  pulses  generated  by  Nd:YAG  system  were  focused  by  a  35  deg.  base 
angle  axicon  to  an  ~1  cm  line  focus  in  a  100  torr  backfill  of  neutral  N2O.  Approximately  1  ns 
after  the  plasma  forming  pulse,  a  femtosecond  pulse  at  0.1  mJ  energy  level  was  focused  into  the 
plasma  waveguide  with  f/25  optics.  Fig.  1  was  obtained  by  imaging  the  output  plane  of  the  ~lcm 
long  plasma  waveguide  to  a  CCD  camera  located  outside  of  the  chamber. 

Finally,  to  measure  the  output  pulse  duration  and  chirp  we  use  a  FROG  technique  based  on  the 
polarization  gating  nonlinearity  [5].  A  PG  FROG  trace  of  the  output  pulse  is  shown  in  Fig  2.  The 
pulse  duration  is  measured  to  be  80  fs  FWHM. 

In  conclusion,  this  experiment  demonstrates  the  ability  to  propagate  an  intense  femtosecond  pulse 
over  several  centimeters  in  a  preformed  plasma  waveguide.  Applications  of  this  technique 
include  soft  X-ray  generation,  plasma  wake  field  particle  acceleration,  and  studies  of  laser-plasma 
interaction  at  relativistic  laser  intensities. 
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Spatial  profile  of  the  femtosecond  laser  pulse  at  the  output  of  the  plasma  waveguide. 
N2O  at  100  torr,  size  is  50  microns  FWHM. 


PG  FROG  trace  of  the  femtosecond  pulse  produced  by  Ti:sapphire  system.  Corresponding  pulse 
duration  is  80  fs  FWHM. 
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High  harmonics  generated  with  a  femtosecond  laser  provides  virtually  all  of  the  properties  that 
one  would  wish  to  apply  to  photoemission  investigations  of  electronic  states  in  materials. 
Harmonic  light  is  monochromatic  and  polarized,  as  determined  by  the  input  laser.  It  is  tunable 
over  a  wide  range  of  photon  energies.  For  even  modest  input  intensities  (0.5  mJ  per  pulse  in  our 
system)  we  have  been  able  to  generate  harmonics  with  useful  fluxes  to  80  eV.  The  generated 
harmonic  light  is  co-linear  with  the  input  laser  so  that  reflective  optics  such  as  normal  or  grazing 
incidence  gratings  of  reasonable  size  can  be  used  to  collect  and  select  a  particular  harmonic  of 
interest  and  then  refocus  this  light  onto  the  material  under  study.  With  efficient  electron  detection 
schemes  useful  photoelectron  count  rates  can  be  obtained.  With  these  properties  alone,  harmonics 
makes  possible  photoelectron  spectroscopy  experiments  in  the  laboratory  setting  that  were 
previously  the  sole  domain  of  large  scale  synchrotron  labs.  But  an  additional,  and  singularly 
important,  aspect  of  harmonic  light  is  its  femtosecond,  and  possibly  even  attosecond,  time 
structure  which  opens  avenues  for  investigations  of  the  temporal  evolution  of  excited  electronic 
systems. 

In  the  experiments  to  be  described,  an  amplified  dye  laser  system  operating  at  a  repetition  rate  of 
540  Hz  produces  0.5-0. 6  mJ  pulses  of  610  nm,  200  fs  light.  When  this  light  is  focussed  with  a 
200  mm  lens  into  a  burst  of  rare  gas  such  as  Ar  or  Ne,  intensities  of  greater  than  ~10’'*watts/cm" 
are  achieved  in  the  focal  region  leading  to  the  generation  of  a  comb  of  harmonics  of  nearly 
constant  intensity.  Fig.  1  shows  a  schematic  of  the  light  generation  and  transport  system.  A  pulsed 
gas  valve  operating  at  540  Hz  is  installed  at  the  front  end  of  a  vacuum  beam  line.  The  fundamental 
and  generated  harmonics  are  directed  to  a  grazing  incidence  toroidal  grating  which  selects  the 
harmonic  of  interest  and  refocusses  the  light  onto  a  sample  located  in  an  ultrahigh  vacuum  (UHV) 
analysis  chamber.  Differentially  pumped  vacuum  beam  lines  prevent  significant  amounts  of  rare 
gas  from  diffusing  into  the  analysis  chamber.  Rotation  of  the  grating  permits  selection  of  any 
harmonic  of  interest.  The  chosen  harmonic  passes  through  a  reentrant  aperture  in  the  UHV 
system  and  hits  the  sample  at  an  angle  of  45°  with  respect  to  the  sample  normal.  The  excitation 
beam,  generated  by  splitting  off  10  to  20%  of  the  fundamental,  as  shown  in  Fig.  1,  is  directed 
along  the  same  path  as  the  harmonic  and  impinges  upon  the  sample  at  the  same  location. 
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540  Hz 


Fig.  1 


Photoemitted  electrons  are  collected  in  a  parabolic  mirror  time-of-flight  energy  analyzer.  The 
analyzer  consists  of  a  parabolic  mirror  that  collimates,  on  reflection,  the  diverging  electrons  from 
the  sample  that  sits  at  the  focus  of  the  mirror.  The  collimated  electrons  drift  in  a  field-free  tube 
until  they  strike  an  electron  multiplier  and  multi-anode  array.  The  resolution  of  the  analyzer  is 
0.1  eV  at  a  kinetic  energy  of  20  eV. 

In  condensed  matter  and  surface  physics  a  wide  range  of  experiments  designed  to  investigate 
surface  and  interfacial  electron  dynamics  were  performed.  These  involved  photoemission 
experiments  on  the  photoexcited  clean  semiconductor  surfaces  of  cleaved  GaAs  (110)  and  Ge 
(111)  and  interfacial  systems  such  as  As  terminated  Ge.  Ultrafast  phenomena  including  surface 
intervalley  scattering,  non-radiative  electron-hole  recombination,  surface  trapping  and  passivation 
were  observed  and  studied.  In  the  area  of  bulk  condensed  matter  systems,  recent  studies  of 
layered  chalcogenide  materials  such  as  MoSe2  and  WSe2  led  to  the  observation  of  energy 
dependent  diffusion  of  electrons,  a  rapid  process  occuring  within  the  first  1-2  ps  after 
photoexcitation. 

In  chemistry,  the  high  energies  and  tunability  of  harmonics  have  provided  the  opportunity  to  carry 
out  high  resolution  studies  of  atomic  core  levels  in  the  laboratory.  Atomic  core  states  are  deeply 
bound  levels  which  are  not  involved  in  chemical  bonding  but  are  observed  to  shift  energetically  in 
response  to  such  bonding,  when  charge  transfer  occurs.  The  large  binding  energies  of  core  levels 
typically  require  higher  photon  energies  than  that  needed  to  study  valence  and  conduction  states. 
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Hence,  high  harmonics  are  critical  to  this  application.  In  addition  to  chemical  information,  core 
levels  are  elementally  specific  allowing  the  identification  of  constitutents  on  or  near  a  surface. 
Changes  in  core  level  shape  and  intensity  gives  direct  physical  evidence  of  changes  in  the  chemical 
system. 

In  addition  to  core  level  spectroscopy  with  harmonics,  recent  experiments  on  the  photoexcitation 
of,  and  subsequent  photoemission  from,  thin  organometallic  films  has  shed  new  light  on  the 
dynamic  behavior  of  electrons  excited  into  the  lowest  unoccupied  molecular  orbitals  (LUMO)  of 
conductive  organics.  We  have  observed  electrons  photoexcited  into  the  LUMO  of  tris-(8  hydroxy 
quinoline)  A1  (AIQ),  an  important  electroluminescent  material,  and  studied  the  dynamics  of  the 
excited  electrons.  Fig.  2  shows  a  spectrum  of  AIQ  photoexcited  with  3.5  eV  photons  used  to 
drive  electrons  into  the  LUMO.  For  comparison,  the  LUMO  intensity  is  enhanced  by  a  factor  of 
80.  As  these  materials  become  increasingly  important  in  the  technological  arena,  deeper 
understanding  of  transport  and  non-radiative  recombination  processes  will  be  crucial.  Harmonic 
laser  photoemission  is  a  powerful  approach  to  studying  these  issues  and  others  in  a  wide  array  of 
materials  of  fundamental  and  technological  importance. 
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The  generation  of  high-order  harmonics  in  strong  laser  fields  has  been  studied  for  several 
years  and  considerable  progress  has  been  made  in  the  understanding  of  the  physics  involved. 
In  different  laboratories  around  the  world,  scientists  are  now  beginning  to  explore  the  use  of 
the  harmonic  radiation  in  novel  applications  in  the  extreme  ultraviolet  spectral  region  (XUV). 
In  some  applications,  the  lack  of  information  regarding  the  coherence  properties  of  the 
harmonic  radiation  is  a  restricting  factor.  We  here  present  experimental  results  firom  an 
interference  experiment,  illustrating  the  potentials  of  harmonic  radiation  in  applications 
requiring  temporally  coherent  radiation  in  the  XUV  region. 

For  the  generation  of  low-order  harmonics  (2nd,  3rd,  4th...),  in  gases  or  in  nonlinear  crystals, 
perturbation  theory  generally  applies.  In  these  cases,  the  phase  of  the  single-atom  harmonic 
emission  follows  that  of  the  driving  laser  field  (multiplied  by  a  factor  equal  to  the  order  of  the 
process).  High-order  harmonic  generation  in  gases,  with  its  characteristic  plateau  of  similar 
intensities  for  different  orders,  is  a  non-perturbative  phenomenon.  The  phase  of  the  single¬ 
atom  high-order  harmonic  emission  has  been  extensively  discussed  in  the  literature.  It  has 
become  clear  that  this  phase  does  not  follow  the  phase  of  the  driving  field.  It  is  strongly 
dependent  on  the  intensity  of  the  driving  field.  This  rapid  variation  of  the  phase  with  the  laser 
intensity,  impl54ng  a  rapid  variation  of  the  phase  in  the  nonlinear  medium  as  well  as  in  time 
over  the  laser  pulse,  has  raised  questions  concerning  the  possibility  to  use  harmonic  radiation 
in  experiments  requiring  temporal  coherence.  The  phase  variation  leads  to  a  frequency  chirp 
both  for  the  single-atom  response,  and  for  the  macroscopic  response  from  the  medium.  This 
could  be  devastating  for  applications  such  as  XUV  interferometry  and  coherent  spectroscopy. 

We  have  therefore  performed  an  experiment  where  we  study  the  interference  of  two  different 
harmonic  sources  produced  by  the  same  laser  beam.  The  output  from  a  35  ps  mode-locked 
Nd:YAG  laser  is  split  into  two  parallel  beams,  using  a  birefringent  crystal.  Each  of  these 
beams  is  focused  into  a  pulsed  Xe  gas  jet  where  harmonic  radiation  is  produced.  The  distance 
between  the  two  foci  is  about  200  |im,  while  the  beam  waist  diameter  in  each  foci  is  less  than 
50  |im.  The  two  sources  of  harmonic  radiation  are  hence  well  separated  in  space  and 
independent  of  each  other.  Harmonic  radiation  of  a  particular  order  (ranging  between  the  7th 
and  the  17th)  are  selected  by  a  normal-incidence  spherical  grating  and  imaged  onto  a  micro- 
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channel-plate  detector  (MCP),  coupled  to  a 
charged-coupled  device  (CCD)  camera.  In 
principle,  this  experiment  resembles  the 
Young's  double- slit  experiment,  but  with  a 
very  fundamental  difference:  The  emission 
from  the  two  sources  (foci)  are  not  directly 
emerging  from  the  same  plane  wave  (as  in 
the  double-slit  experiment),  but  are 
generated  through  the  non-perturbative 
process  of  high-order  harmonic  generation. 

Even  though  the  driving  fields  are  locked  in 
phase  (originating  from  a  common  pump- 
laser  beam),  the  phases  of  the  harmonic 
emission  from  the  two  sources  are  not 
necessarily  locked.  If  the  peak  intensities 
reached  in  the  two  foci  are  different,  then 
at  every  instance  during  the  laser  pulse  the 
single-atom  dipole  phases  will  be  different. 

If  this  also  applies  to  the  phase  of  the  Figure  1.  Far-field  interference  pattern  created  by 
macroscopic  fields,  then  any  interference  overlapping  in  space  two  beams  of  the  13th  harmonic, 
pattern  produced  in  the  far  field  would  be  generated  independently  at  different  places  in  a  xenon 
“washed  out”  when  integrating  over  the  gas  jet. 
duration  of  the  laser  pulse. 

The  results  of  our  experiment  are  presently  being  analysed  in  details.  An  example  of  a 
recorded  far-field  pattern  is  shown  in  Figure  1.  Interference  fringes  are  clearly  visible.  This 
shows  that,  in  spite  of  the  intensity  dependent  single-atom  phases,  a  stable  temporal 
coherence  is  obtained.  We  find  that  the  interference  pattern  is  rather  robust,  and  that  it  can  be 
observed,  with  varying  degree  of  contrast,  even  when  the  peak  intensities  in  the  two  foci 
differ  by  almost  a  factor  of  two. 

We  find  these  results  very  promising  for  many  future  applications  of  harmonic  radiation.  For 
example,  it  might  be  possible  to  perform  XUV  interferometry  without  the  use  of  complex 
XUV  beam  splitters.  Ordinary  beam  splitters  for  visible  radiation  can  be  used,  splitting  the 
fundamental  laser  beam,  before  generating  phase-locked  XUV  beams  used  for  the  actual 
interferometry.  Our  interference  experiment,  using  beams  of  harmonic  radiation  generated  in 
different  places  and  with  different  peak  intensities,  shows  that  the  strong  variation  of  the 
dipole  phase  in  the  single-atom  response  does  not  destroy  the  temporal  coherence  of  the 
harmonic  fields.  A  theoretical  analysis  of  these  results  is  in  progress. 
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In  this  work,  we  demonstrate  that  the  technique  of  high-harmonic  generation,  using 
very  short-duration  driving  pulses,  can  be  used  to  generate  photons  of  energy  up  to  240 
eV  (5  nm),  which  correspond  to  the  155th  harmonic  of  the  800  nm  driving  laser. 

The  technique  of  high  harmonic  generation  is  relatively  straightforward  -  a  high  peak- 
power  femtosecond  laser  pulse  is  focused  into  an  atomic  gas,  and  the  highly  nonlinear 
interaction  of  the  laser  light  with  the  atoms  results  in  the  emission  of  coherent  high-order 
harmonics  of  the  laser.  [1,2]  These  harmonics  can  extend  into  the  soft  x-ray  region  of  the 
spectrum  under  the  right  conditions.  Many  aspects  of  the  physics  can  be  understood  using 
a  semiclassical  model  of  the  motion  of  an  ionized  electron  during  the  first  optical  cycle 
after  it  is  ionized  due  to  the  strong  laser  field. [3, 4]  In  this  picture,  the  highest  energy 
photon  energy  achievable  is  determined  by  the  maximum  kinetic  energy  of  this  electron 
as  it  return  to  the  nucleus  and  (with  some  probability)  recombines: 

h\)  =  Ip  +  3.2  Up  (1) 

where  Up  is  the  pondermotive  energy,  and  Ip  is  the  ionization  potential  of  the  atom. 
Up  is  determined  by  the  energy  gained  by  the  electron  in  the  laser  field,  which  is  in  turn 
determined  by  two  factors:  the  atomic  species  (i.e.  the  ionization  potential),  and  the  laser 
intensity  at  which  the  atom  ionizes.  In  previous  work,  we  showed  that,  using  very  short- 
duration  driving  pulses,  it  is  possible  to  generate  photon  energies  substantially  higher 
than  in  previous  work.  [5,6]  This  is  because  the  atom  ionizes  at  a  high  intensity  for  shorter 
laser  pulses,  and  the  electron  then  gains  more  energy  in  the  laser  field,  and  in  turn  can 
radiate  high  harmonic  energies.  In  the  work  described  here,  we  report  further  progress  on 
generating  harmonics  at  even  high  photon  energies,  and  with  broader  tunability. 

In  past  work  we  showed  that,  using  25  fs  laser  pulses,  Neon  and  Argon  can  be  used  to 
generate  harmonics  up  to  the  133rd  and  61st.  However,  in  the  case  of  helium  (with 
ionization  potential  of  24.5eV),  we  would  expect  to  generate  harmonics  with  wavelengths 
as  short  as  4  nm,  according  to  Eqn  (1).  Recently,  we  repeated  these  experiments  with  a 
better  detector,  to  obtain  substantially  inproved  results.  We  focus  our  25  fs,  800  nm 
Ti:Sapphire  laser  into  a  He  gas  jet,  produced  by  a  piezoelectrically-driven  pulsed  nozzle. 
The  gas  target  pressure  was  characteristed  by  observing  the  laser-produced  fluorescence 
in  the  focal  region.  The  x-ray  harmonics  are  dispersed  using  a  Hettrick  1.75  meter  soft  x- 
ray  spectrometer,  and  then  detected  using  a  MCP  intensifier  made  by  Xi'an  Institute  of 
Optics  and  Precision  Mechanics,  China.  The  spectrum  image  is  recorded  using  a  CCD 
video  camera  connected  to  a  framegrabber  and/or  videocassette  recorder.  Video-rate 
acquisition  makes  it  possible  to  monitor  the  harmonics  in  real  time,  making  optimization 
of  the  signal  straigtforward. 
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Using  8  mJ  of  laser  energy  and  a  1 -meter  focal  length  curved  mirror  to  focus  the 
laser,  we  generated  harmonics  up  to  155  th  order  in  He,  which  corresponds  to  a  photon 
energy  of  240  eV,  or  a  wavelength  of  52  A,  as  shown  by  Fig.  1.  To  our  knowledge,  this  is 
the  shortest  wavelength  ever  produced  to  date  using  nonlinear  optical  techniques.  Fig. 2 
gives  another  experimental  results  which  shows  a  better  signal  to  noise  ratio. 


155th  Harmonic 
5.2  nm,  240  eV 


Figure  1:  The  155th  hjirmonics  from  He  target 


Figure  1:  High  harmonics  from  He  target.  The  cut-off  at  short  wavelengths  is  artificial, 

due  to  a  light  baffle  in  the  spectrometer. 

When  we  increase  the  laser  intensity  further,  higher  harmonic  orders  appear,  but 
because  of  the  limited  resolution  of  our  spectrometer  in  this  wavelength  range,  it  is 
difficult  to  resolve  the  harmonic  orders.  Work  is  in  progress  to  improve  spectrometer 
resolution  in  the  4-5  nm  wavelength  range  and  resolve  the  shorter  wavelength  harmonics. 
Modest  further  improvements  in  laser  technology  will  make  it  possible  to  produce  a 
reliable,  table-top  source  of  femtosecond  x-rays  with  photon  energy  in  excess  of  300  eV. 
Ultrashort  X-ray  pulses  in  the  "water  window"  (>270  eV  photon  energy)  have  great 
potential  use  in  the  study  of  ultrafast  dynamics  in  organic  and  biological  systems. 
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Rydberg  wave  packets  have  been  the  object  of  intense  experimental  and  theoretical  study  over 
the  past  decade  due  to  their  many  interesting  semiclassical  and  quantum  characteristics.  Long- 
lived  wave  packets  have  been  created  in  both  hydrogen  and  alkali  metal  atoms,  and  localization  in 
both  the  radial  and  angular  dimension  has  been  demonstrated  [1].  It  is  also  possible  to  apply  the 
methods  of  quantum  control  to  calculate  optimally  shaped  laser  pulses  which  create  Rydberg  wave 
packets  that  have  a  desired  distribution  in  phase  space  at  a  specified  “target”  time  [2].  This  can 
take  the  form  of,  for  instance,  a  “Schrodinger  cat”  state  in  which  an  electron  is  localized  in  several 
distinct  regions  of  space  simultaneously. 

An  important  issue  in  Rydberg  wave  packet  research  is  their  detection.  Normally  the  wave 
packet  is  localized  in  some  interesting  distribution  only  when  it  is  far  from  the  ion  core  in  the 
nearly  potential  free  region  close  to  the  outer  turning  point  of  the  Coulomb  potential.  Since  free 
electrons  do  not  absorb  or  emit  optical  photons,  this  makes  the  wave  packet  distribution  hard 
to  detect  with  traditional  pump-probe  methods.  Several  alternative  methods,  each  sensitive  to 
different  properties  of  the  wave  packet,  have  been  used  including  wave  packet  interferometry  [3], 
half-cycle  pulses  [4]  and  an  “atomic  streak  camera”  [5] . 

Rydberg  packets  typically  have  length  scales  10-1000  nm  and  the  orbital  periods  of  several 
picoseconds.  In  this  paper  we  present  calculations  which  demonstrate  that  high  order  harmonics 
from  a  high  repetition  rate  TW-class  Ti:Sapphire  laser  interacting  with  a  nonlinear  medium  can 
serve  as  an  appropriate  light  source  for  ultrafast  diffraction  from  Rydberg  wave  packets.  The 
high  harmonics  from  such  a  source  are  easily  shorter  than  100  fs  and  a  wide  range  of  wavelengths 
from  8-80  nm  are  available,  making  harmonic  generation  an  ideal  light  source  for  time-dependent 
diffraction  from  these  transient  nanostructures. 

In  the  first  Born  approximation  the  elastic  cross  section  is  proportional  to  the  square  of  the 
atomic  form  factor,  which  has  three  contributions  [6] 

f{q,t)  =  no/o(^  +  '^wpfwpiq^i)  A  fc.t.)  (1) 

where  no  and  are  the  population  of  the  ground  state  and  the  wave  packet,  and  /o  and 
are  the  normalized  ground  state  and  wave  packet  form  factors.  The  cross  term  /c.tj  which  results 
from  the  product  of  the  ground  state  amplitude  and  the  wave  packet,  oscillates  on  a  time  scale  set 
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by  the  excitation  laser.  For  XUV  diffraction  pulses  that  last  much  longer  that  the  excitation  laser 
period  this  rapidly  oscillating  cross  term  makes  no  contribution  to  the  signal  [2,  6]. 

For  a  wave  packet  with  structure  on  the  nanometer  length  scale,  the  optimal  photon  source  has 
a  wavenumber  feo  ^  1  au.  For  these  wavelengths  the  scattering  from  the  ground  state  component  is 
therefore  isotropic.  The  scattered  intensity,  which  is  proportional  to  \  can  then  be  written 

as 

I{q,  t)  (xnQ  +  2non.wpfwp{q,  t)  +  0(nwpfwp)^.  (2) 

The  signal  oscillates  about  its  average  value  with  an  amplitude  proportional  to  the  population  of  the 
wave  packet,  allowing  us  to  extract  f^p  which  can  then  be  inverted  to  give  the  spatial  distribution 
of  the  wave  packet. 

Fig.  1  illustrates  how  fwpi^  changes  as  a  function  of  time  as  an  ^  =  1  radial  wave  packet 
with  an  average  principle  quantum  number  of  n  ss  50  moves  between  its  inner  and  outer  turning 
points.  We  assume  that  ko  =  .015  au  which  corresponds  to  22.2  nm  radiation.  The  excitation  laser 
is  polarized  parallel  to  the  z  axis,  the  XUV  pulse  propagates  along  the  y  axis,  q  =  2kosm{6q/2) 
where  6q  is  the  scattering  angle  in  the  z  —  y  plane,  and  the  detector  is  assumed  parallel  to  the  x  —  y 
plane.  The  wave  packet’s  changing  distribution  is  clearly  reflected  in  the  diffraction  pattern  at  this 
wavelength. 

Fig.  2  illustrates  the  diffraction  from  a  shaped  Rydberg  wave  packet,  this  one  having  a  trident 
structure.  Note  the  non-monotonic  envelope  of  the  form  factor,  which  is  due  to  the  structure  built 
into  the  packet  at  the  target  time.  This  feature  is  absent  at  later  times  when  the  wave  packet 
disperses. 

Recording  a  gas  phase  diffraction  pattern  such  as  Fig.  2  requires  a  very  bright,  short  pulse  source 
of  photons.  The  cross  section  for  electron-photon  scattering  is  very  small  and  there  is  no  coherent 
enhancement  due  to  periodic  structure  in  the  sample,  though  the  wave  packet  axes  are  aligned 
by  the  pump  laser  which  eliminates  the  need  for  rotational  averaging.  The  experiment  is  feasible, 
however,  because  of  the  vastly  different  length  scales  in  the  problem  (ground  versus  Rydberg  state), 
and  because  the  signal  depends  primarily  on  the  form  factor,  not  its  square  (Eq.  2).  The  best  system 
for  actually  producing  shaped  wave  packets  would  be  an  alkali  metal  atom  since  the  excitation  can 
be  accomplished  using  optical  wavelengths.  This  greatly  aids  the  diffraction  measurement  since 
using  an  atom  with  Zc  core  electrons  alters  the  signal  by  replacing  no  in  Eq.  2  with  no  +  Zc,  raising 
the  signal  dramatically.  For  instance,  in  a  sample  with  a  density  of  3x10^^  atoms/ cm^  we  estimate 
that  more  than  10  photons/second  will  be  scattered  by  the  sample. 
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Figl.  Rydberg  wave  packet  probability  distribution  as  a  function  of  time  (left  panels)  and 
the  form  factor  for  scattering  in  the  geometry  described  in  the  text  (right  panels). 
The  wavelength  is  assumed  to  be  22.2  nm. 


Fig.2.  A  three-peaked  “tailored”  wave  packet  at  the  target  time  (left  panel)  and  its  form 
factor  (right  panel).  The  wavelength  is  assumed  to  be  22.2  nm. 
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High-order  harmonics  generation  in  rare  gases  is  one  of  the  most  rapidly  developing  topics  in 
the  physics  of  atoms  interacting  with  intense  laser  pulses  [1].  At  long  wavelength  and  high 
intensity,  high-order  harmonic  generation  involves  the  excitation  of  electrons  to  the  continuum 
and  rescattering  from  the  parent  ion  [2,3],  This  implies  a  close  relationship  between  harmonic 
generation  and  ionisation.  Ionization  actually  influences  the  harmonic  production  through 
depletion  of  the  ground  state  and  defocusing  of  the  fundamental  beam  caused  by  the  free 
electrons. 

This  work  investigates  both  experimentally  and  numerically  the  influence  of  ionization  on  the 
harmonics  pulse  duration. 

Experimentally,  the  duration  of  one  particular  high-order  harmonic  was  measured  by  a  cross¬ 
correlation  method  described  previously [4],  The  harmonics  were  generated  by  fundamental 
pulses  of  durations  ranging  from  1  ps  to  400  fs  obtained  by  adjusting  the  compressor  of  the 
Ti:Saphire  laser  [5].  They  were  probed  by  a  120  fs  pulse.  The  combination  of  long  pump  and 
short  probe  gives  a  good  accuracy  in  the  measurement.  The  19th  harmonic  produced  in  Argon 
by  a  pump  laser  intensity  of  2.5  10’‘*  Wcm"^  was  characterised  by  this  technique.  The  cross¬ 
correlation  gives  a  duration  of  180+20  fs,  110  +  20  fs  and  90  +  20  fs  for  a  fundamental 
duration  of  1  ps ,  600  fs  and  400  fs  respectively. 

On  the  other  hand,  the  temporal  profile  of  19th  harmonic  generated  in  argon  with  an  intensity 
peak  greater  than  2  10*'*  Wcm'^  has  been  calculated  with  the  help  of  a  code  simulating  the 
propagation  of  harmonics. 

Ionization  rates  used  as  input  in  the  code  are  evaluated  in  the  tunnelling  regime. 

The  computer  simulations  are  in  good  agreement  with  the  experimental  results. 

A  typical  result  is  shown  in  Fig.  1 . 
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Experimental  cross-correlation  (dot)  between  the  infrared 
laser  and  his  19th  harmonic  for  tree  different  fundamental 
durations  :  (a)  400fs,  (b)  600fs  and  (c)  1  ps. 

The  19th  harmonic  duration  is  90  fs,  1  lOfs  and  180  fs 
respectively 
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We  report  on  photoionization  measurements  made  using  intense  800  nm  ultrashort  pulse  laser 
light  and  its  high  harmonics.  First,  we  present  photoelectron  kinetic  energy  spectra  showing 
prominent  features  at  high  kinetic  energies  that  cannot  be  explained  by  the  simpleman/rescattering 
theory,  traditional  Rydberg  state  resonances  or  other  current  theoretical  treatments.  Second,  we 
report  the  first  indications  of  multiphoton  and  multiple  ionization  using  high  harmonic  radiation. 
We  have  measured  what  is  believed  to  be  two-photon  ionization  of  both  neutral  and  singly  ionized 
Krypton.  Ion  charge  state  distributions  for  harmonic  orders  ranging  from  the  3rd  to  the  17th  are 
presented  for  the  noble  gases. 

I.  Hot  Electron  Production 

Two  new  unexplained  effects  have  been  seen:  (1)  We  observe  narrow  dominant  structures  in 
the  hot  electron  part  of  the  photoelectron  kinetic  energy  spectra  for  Xenon  that  suggest  resonant 
ionization  even  at  intensities  as  high  as  1.9x10^^  W/cm^  and  ponderomotive  potentials  above  10 
eV.  (2)  We  measure  large  enhancements  in  the  electron  production  for  kinetic  energies  near  20  and 
35  eV.  The  high  energy  resonances  appear  within  a  very  narrow  intensity  range  between  1.2  - 
1.9x1014  W/cm^.  Similar  effects  are  also  observed  in  Argon  and  Krypton  in  different  kinetic 
energy  regions.  Our  measurements  represent  a  new  level  of  resolution  and  signal  to  noise  ratio  for 
high  intensity  photoelectron  studies. 

Transient  resonances  account  unambiguously  for  the  low  energy  photoelectron  structure  found 
in  experiments  using  linearly  polarized  light.  For  800  nm  light,  Rydberg  state  resonances  yielding 
kinetic  energies  up  to  the  2Up  point  can  be  clearly  identified.  Recently,  electron  signal  beyond 
2Up  has  been  attributed  to  inelastic  backscattering  [1].  In  the  past,  the  repetitive  ATI  structure  in 
the  hot  electron  region  has  been  considered  due  to  nonresonant  ionization.  We  have  recorded  high 
resolution  spectra  over  the  intensity  range  near  10^^  W/cm^  in  fine  intensity  steps.  Our  data  show 
surprising  substructure  within  each  ATI  order  for  kinetic  energies  up  to  50  eV .  If  these  features 
resulted  from  nonresonant  ionization,  they  would  have  to  shift  ponderomotively  to  lower  kinetic 
energies  as  the  peak  intensity  increased.  In  contrast,  our  measurements  show  that  no  such  shift 
occurs  and  that  the  hot  electron  features  appear  over  a  small  intensity  range,  indicating  a  resonant 
ionization  process. 

The  spectra  presented  were  obtained  using  a  Positive  Light,  Inc.  Ti:Sapphire  laser  system 
operating  at  a  1  kHz  repetition  rate.  The  120  fs,  800  nm  output  pulses  have  an  energy  of  700  |iJ 
per  pulse  and  are  plane-polarized.  Spectra  at  different  intensities  have  been  recorded  using 
Intensity-Selective-Scanning  (ISS).  This  technique  has  been  described  elsewhere  [2].  Briefly,  a 
500  |J.m  pinhole  is  placed  at  the  front  of  the  TOF  tube  and  only  electrons  traveling  on  the  line  of 
sight  from  the  ionization  volume  to  the  detector  are  measured.  This  technique  yields  data  from  a 
one-dimensional  radial  intensity  distribution,  thereby  reducing  the  problems  associated  with  spatial 
averaging  over  the  entire  laser  focal  volume.  By  scanning  a  pinhole  across  the  Gaussian  ionization 
volume,  specific  peak  intensities  can  be  selected  with  high  precision. 
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Fig.  1  shows  a  high  resolution  photoelectron  kinetic  energy  spectrum  of  Xenon  from  2-55  eV 
taken  at  1.51  x  10^^  W/cm^.  The  spectrum  consists  of  three  basic  regions:  (i)  2-11  eV  with  well 
defined  Rydberg  structure,  (ii)  1 1-28  eV  with  narrow  structure  appearing  as  a  function  of  intensity, 
and  (iii)  28-50  eV  with  prominent  'bumps'  comprised  of  a  number  of  ATI  orders  appearing  as  the 
intensity  increases.  It  should  be  noted  that  the  overall  envelope  of  the  electron  signal  does  not 
monotonically  decrease  as  predicted  by  various  theoretical  models.  Although  some  calculations 
produce  modulations  in  the  spectrum  for  various  kinetic  energies  [3,  4]  the  experimentally 
observed  signal  enhancement  between  15-50  eV  is  at  least  an  order  of  magnitude  larger  than  any 
current  model  predicts. 


Fig.  1.  High  resolution  photoelectron  spectrum  of  xenon  taken  at  1.51  x  10^^  W/cm^. 

We  have  performed  measurements  at  a  variety  of  intensities  and  observe  no  peak  shifts. 
Rather,  the  peaks  appear  and  grow  in  a  fashion  similar  to  the  traditional  Rydberg  resonances  at  low 
kinetic  energy.  Furthermore,  we  observe  at  least  two  separate  series  of  peaks  near  35  eV  that  are 
shifted  relative  to  each  other  by  about  0.5  eV. 

II.  High  Harmonic  Photoionization 

One  important  aspect  in  understanding  the  role  of  resonances  in  the  production  of  hot  electrons 
in  ATI  is  the  structure  of  the  continuum.  To  probe  the  continuum  we  have  utilized  selected  high 
harmonics  to  photoionize  noble  gases.  The  goal  of  this  study  is  two-fold.  First,  we  are  searching 
for  multiphoton  effects  using  vacuum-ultraviolet  wavelengths.  Second,  we  are  interested  in 
understanding  the  continuum  structwe  above  one  or  more  ionization  limits. 

These  experiments  were  performed  using  a  10  Hz  Ti:S  laser  system  capable  of  producing  25 
mJ  pulses  at  800  nm  with  about  140  fs  duration.  The  harmonics  and  fundament^  beam  were 
separated  using  an  f/4.5  VUV  monochromator.  The  monochromator  selected  out  a  single 
harmonic  and  re-focused  it  into  another  high  vacuum  chamber  which  contains  a  time-of-flight 
(TOF)  spectrometer.  Krypton,  Neon,  Argon,  and  Xenon  gases  were  successively  backfilled  into 
Ae  interaction  region  to  interact  with  a  single  harmonic. 

Figure  2  shows  the  charge  state  distribution  for  the  7th  harmonic  irradiating  Krypton  gas.  Two 
harmonic  photons  with  energy  10.85  eV  are  required  to  ionize  neutral  krypton  (I.P.=13.99  eV). 
Similar  results  were  found  for  the  3rd  and  5th  harmonics.  These  data  result  from  10k  laser  shots. 
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but  unambiguously  demonstrate  multiphoton  ionization  using  high  intensity  harmonics.  Due  to  the 
re-imaging  of  the  harmonic  out  of  the  monochromator,  the  beam  size  in  the  interaction  region  was 
not  at  a  minimum.  This  demonstrates  that  indeed  the  harmonics  are  quite  short  in  order  to  maintain 
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Fig.  2.  Ion  charge  state  distribution  for  multiphoton  ionization  of  krypton  with  the 
harmonic  of  800  nm  light. 


enough  intensity  for  multiphoton  ionization.  By  changing  harmonics  we  were  able  to  pass  from 
the  two-photon  regime  into  single  photon  absorption.  We  saw  an  increase  in  single  ionization  at 
the  9th  harmonic  (13.95  eV)  for  ionizing  Krypton  at  threshold. 


Similar  data  have  been  collected  for  the  other  noble  gases.  For  all  gases  the  ionization  appears 
to  take  place  non-resonantly  and  via  multiphoton  absorption.  Our  data  are  restricted  to  the  lower 
high  harmonics  due  to  the  efficiency  roll-off  in  the  normal  incidence  monochromator.  Further 
work  is  underway  to  extend  these  measurements  to  higher  harmonics.  For  all  cases  the 
multiphoton  ionization  should  be  in  the  perturbative  regime  and  cross-sections  can  be  calculated  in 
order  to  fit  data. 


In  conclusion,  we  have  observed  for  the  first  time  prominent  fine  structure  in  hot  electron 
production  in  high  intensity  photoionization  of  Xenon.  The  kinetic  energy  regions  near  20  and  35 
eV  show  a  prominent  enhancement  in  electron  production.  It  is  clear  that  a  resonant  process  must 
be  involved  due  to  the  lack  of  energy  shifts  with  laser  intensity.  Furthermore,  we  have  obse^ed 
indications  of  multiphoton  ionization  using  high  harmonics  of  800  nm  intense  laser  light. 
Absorption  of  at  least  two-photons  has  been  observed  for  the  high  harmonics  near  the  11th 
harmonic  of  800  nm  laser  light.  These  measurements  mark  the  beginning  of  a  new  era  in  nonlinear 
optical  phenomena  in  the  vacuum  ultraviolet  and  soft  x-ray  regions  of  the  spectrum.  Much  work 
remains  to  be  done  on  both  the  experimental  and  theoretical  sides  in  order  to  more  fully  explain 
these  new  phenomena. 

[1]  G.  G.  Paulus,  W.  Becker,  W.  Nicklich,  H.  Walther,  J.  Phys.  B  27,  L703-L708  (1994). 

[2]  P.  Hansch,  L.  D.  VanWoerkom,  Opt.  Lett.  21,  1286-1288  (1996). 

[3]  M.  Lewenstein,  K.  C.  Kulander,  K.  J.  Schafer,  P.  H.  Bucksbaum,  Phys.  Rev.  A  51,  1495- 
1507  (1995). 

[4]  G.  G.  Paulus,  W.  Nicklich,  H.  Xu,  P.  Lambropoulos,  H.  Walther,  Phys.  Rev.  Lett.  72, 
2851-2854  (1994). 
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High  harmonics  as  a  probe  for  femtosecond  laser-produced  plasmas 

W.  Theobald,  R.  HaBner,  and  R.  Sauerbrey 
Institut  fur  Optik  und  Quantenelektronik,  Friedrich-Schiller-Universitdt  Jena, 
Max-Wien-Platz  1,  D-07743  Jena,  Germany 
Phone:+49-3641-63628 1 ,  Fax:+49-364 1  -636278,  Email:sauerbrey@qe.physik.uni-jena.de 


High  harmonics  produced  by  femtosecond  lasers  are  a  convenient  source  of  ultrashort  soft  x- 
ray  pulses  and  have  been  intensively  studied  in  recent  years  [1].  We  use  high-order  harmonics 
to  measure  time-resolved  the  electron  density  and  the  mean  electron  energy  in  femtosecond 
laser  produced  plasmas  [2,3],  Differential  absorption  of  the  harmonics  as  a  probe  radiation 
allows  to  infer  plasma  free  electron  densities  well  above  the  critical  density  for  the  fundamental 
wavelength.  It  is  shown  that  this  pump-probe  technique  allows  direct  access  to  plasma 
parameters  in  conjunction  with  a  time  resolution  of  a  few  hundred  femtoseconds. 
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Fig.  1:  Principle  of  the  method. 


Densities  of  up  to  5x10^^  cm*^  and  initial  electron  energies  of  several  hundred  electron  volts  are 
reported.  The  measurement  are  compared  with  a  detailed  analysis  of  the  plasma  evolution 
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process  including  high  density  effects  in  several  reaction  cross  sections.  Furthermore,  the 
technique  offers  the  possibility  to  investigate  non-Maxwellian  effects  in  high-density  plasmas. 

Fig.  1  shows  the  principle  of  the  method.  The  harmonics  in  the  wavelength  region  between  60 
nm  to  15  nm  are  generated  by  a  terawatt  Ti:sapphire  with  100  fs,  250  mJ  pulses  or  a 
subpicosecond  KrF-laser  system  (700  fs,  20  mJ)  and  irradiate  a  plasma  generated  by  a 
femtosecond  laser  pulse  in  a  70-100  nm  thin  polycarbonat  foil.  The  plasma  of  initially  high 
electron  density  (Ne=10^-10^‘'  cm'^)  and  high  electron  energy  expands  adiabatically  after  the 
foil  had  burned  through.  Depending  on  the  electron  density,  high-order  harmonics  generated  in 
an  inert  gas  jet  are  transmitted  through  a  femtosecond  laser-produced  plasma  while  lower- 
order  harmonics  are  absorbed  or  reflected.  The  idea  of  this  method  is  to  measure  the 
transmittance  of  a  plasma  at  different  frequencies  in  such  away  that  some  frequencies  are  below 
the  plasma  frequency  while  others  are  above. 


Fig.  2:  a)  Measured  signal  ratio  of  the  fifth  to  seventh  harmonic  of  a  KrF-laser  (solid 
squares)  versus  delay  time  and  the  calculated  behavior  assuming  different  initial  electron 
temperatures  (solid  lines),  b)  Evolution  of  the  electron  density  inferred  from  a)  (solid  dots) 
together  with  the  calculation  for  an  initial  electron  temperature  of  150  eV  (solid  line). 

Fig.  2  shows  an  experimental  result  obtained  with  the  KrF-laser  system  derived  from  the 
relative  transmitted  intensities  of  the  fifth  (49.7  nm)  and  the  seventh  (35.5  nm)  harmonics  with 
a  temporal  resolution  of  about  0.5  ps.  The  solid  curve  corresponds  to  a  calculation  of  the 
density  versus  time  with  an  initial  mean  electron  energy  of  150  eV  and  an  initial  electron 
density  of  4x10^^  cm'^.  This  simple  method  has  the  advantage  of  providing  a  direct  access  to 
ultrahigh  electron  densities  and  achieves  a  precision  of  better  than  10%  at  zero  time  delay. 
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High-order  harmonic  generation  provides  coherent  light  pulses  down  to  a  wavelength  below  10 
nm,  corresponding  to  a  critical  density  of  10^’  cmf^,  or  about  1000  times  solid  density  for  a 
hydrogen  plasma.  Therefore  this  method  is  well  suited  for  applications  in  the  field  of  inertial 
confinement  fusion  (ICF),  for  soft  x-ray  laser  development,  and  in  general  for  the  investigation 
of  high  density  laser-produced  plasmas. 


[1]  A.  L’Huillier  and  Ph.  Balcou,  High-order  harmonic  generation  in  rare  gases  with  a  1-ps 
1053-nm  laser,  Phys.  Rev.  Lett.  70,  774-777  (1993). 

[2]  W.  Theobald,  R.  HaBner,  C.  Wiilker,  and  R.  Sauerbrey,  Temporally  resolved  measurement 
of  electron  densities  (>l(f^  cm'^)  with  high  harmonics,  Phys.  Rev.  Lett.  77,  298-301  (1996). 

[3]  J.  C.  Kieffer,  Z.  Jiang,  A.  Ikhlef,  C.  Y.  Cote,  and  O.  Peyrusse,  Picosecond  (fynamics  of  a 
hot  solid-density  plasma,  J.  Opt.  Soc.  Am.  B  13,  132-137  (1996). 
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SHORT  PULSE  LASER  DRIVE  OF  A  SUPERSONIC  RADIATION  FRONT 

INTO  SOLID  MATTER 

E.  T.  GUMBRELL,  T.  DITMIRE,  R.  A.  SMITH  AND  M.H.R.  HUTCHINSON 
The  Blackett  Laboratory,  Prince  Consort  Road, 

Imperial  College  of  Science,  Technology  and  Medicine 
London,  SW7  2BZ,  United  Kingdom 
e.  gumbrell@ic.  ac.  uk 
phone:  01715947516 

An  understanding  of  energy  transport  mechanisms  is  crucial  to  describing  short  pulse  laser 
plasma  interactions.  On  progressively  longer  time  scales,  electron  thermal  conduction, 
hydrodynamic  expansion  and  shock  wave  propagation  are  thought  to  be  the  principle  means 
by  which  deposited  laser  energy  leaves  the  interaction  region.  Here  we  report  the  first 
observation  of  a  supersonic  ionisation  front  that  is  faster  than  any  seen  so  far  [1].  This  can  be 
explained  by  a  radiative  thermal  conduction  mechanism. 

In  our  experiment  a  chirped  pulse  amplification  Nd:Glass  laser  system  was  used  to  produce 
2  psec  pulses  at  wavelengths  of  1054  nm  and  527  nm.  These  were  focused  onto  polished 
fused  silica  targets  at  intensities  up  to  10*’  W/cm’.  A  variety  of  target  angles  and 
polarisations  were  used.  A  small  amount  of  light  split  from  the  main  pulse  was  Raman 
shifted  to  620nm  and  used  for  time  and  space  resolved  shadowgraphy  in  a  plane  normal  to 
the  target- vacuum  interface,  with  temporal  and  spatial  resolutions  of  approximately  Ipsec 
and  Ipm.  By  varying  the  delay  of  the  probe  relative  to  the  heating  pulse  we  were  able  to 
image  the  formation  of  plasma  overdense  to  the  probe  (ne  ~  3  x  lO’*  cm'^)  inside  the  solid 
target. 

Figure  1  shows  images  which  are  typical  of  the  motion  of  the  ionising  front  when  1054  nm 
heating  pulses  are  used  pulses.  By  measuring  the  maximum  extent  of  the  axial  penetration  as 
a  function  of  time,  we  can  determine  the  ionisation  front  velocity.  Remarkably,  the 
maximum  velocity  we  observe  is  8x10*  cms'*  at  an  intensity  of  8  x  10*^  Wcm’^,  which  is  ~ 
40  times  that  seen  previously  in  experiments  at  lower  intensity  [2]. 
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Laser  Pulse 


t  =  -3ps  t  =  6ps  t=14ps 

Figure  1:  Profile  of  the  inwards  moving  plasma  at  three  different  times  relative  to  the  heating  pulse  with  a 
peak  intensity  of  6  x  lO'®  Wcm'^. 


We  have  performed  modelling  of  the  plasma  kinematics  by  numerically  solving  the  ID 
nonlinear  heat  diffusion  equation  for  the  ionisation  front  penetration  as  a  function  of  time  - 
we  use  both  Spitzer-Harm  [3]  theory  for  electron  conductivity,  and  a  standard  form  for  the 
radiative  conductivity  [4].  To  estimate  the  degree  of  ionisation  at  each  time  step  we  employ 
the  local  thermal  equilibrium  treatment  of  Reference  2.  Appropriate  free  streaming  clamps 
were  applied  to  the  heat  flow. 

In  Figure  2  the  ionisation  wave  penetration  depth  as  a  function  of  time  is  compared  to  the 
electron  and  radiative  conduction  predictions.  The  electron  conduction  predictions  are 
clearly  inadequate.  The  radiative  heat  flow  model,  however,  accurately  predicts  the 
expansion  of  the  heat  front  into  the  solid. 

The  nonlinear  nature  of  the  radiative  conductivity  means  the  heat  front  is  very  steep; 
according  to  our  model,  the  plasma  temperature  rises  to  a  few  hundred  eV  over  a  distance  of 
less  than  5  pm  from  the  leading  edge  of  the  front,  where  Te  ~  leV  .  This  is  the  temperature 
to  which  our  optical  probing  technique  is  sensitive.  Therefore  the  ionisation  front  is  a  good 
indicator  of  the  rapid  speed  at  which  energy  is  transported  into  the  solid. 
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Figure  2:  Measured  ionisation  front  as  a  function  of  time  for  a  peak  intensity  of  8  x  lO'*  Wcm'^.  The 
solid  lines  represent  the  flux  limited  numerical  solutions,  and  the  dashed  lines  the  analytical 
solutions. 


New  studies  of  the  radiation  driven  front  using  both  527nm  and  1054  run  pulses  have 
produced  little  evidence  for  dependence  on  polarisation  and  target  angles.  However,  in  the 
case  of  the  527nm  pulse,  although  the  penetration  is  not  so  pronounced  axially,  we  now  have 
observed  strong  radial  energy  transport  as  a  function  of  time.  Accounting  for  the  focal  spot 
size,  the  late  time  ratio  of  the  radial  to  axial  extent  is  >  2. 

References 

1.  T.  Ditmire,  E.  T.  Gumbrell,  R.  A.  Smith,  L.  Mountford  and  M.  H.  R.  Hutchinson. 
Phys.  Rev.  Lett.  77,498(1996) 

2.  B.  T.  Vu,  A.  Szoke  and  O.  L.  Landen,  Phys.  Rev.  Lett.  72,3823  (1994) 

3.  L.  Spitzer  and  R.  Harm,  Phys.  Rev.  Lett.  89, 977  (1953) 

4.  Y.B.  Zeldovich  &  Y.P.  Raizer,  Physics  of  Shock  Waves  and  High  Temperature 
Hydrodynamic  Phenomena  (New  York:  Academic  Press,  1966) 


FB4-1/205 
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XUV  lasers  are  being  exploited  for  radiography  with  high  space ,  time  and  amplitude 
resolution  of  perturbations  in  laser  driven  targets.  Information  of  importance  for  research 
into  the  possibility  of  generating  energy  by  inertially  confined  fusion  has  been  obtained 
using  a  saturated  15.4  nm  neon-like  Yttrium  laser  [1,2,3  ].  More  recently  further  work  has 
been  carried  out  with  a  neon-  like  Ge  laser  also  operating  at  saturation  with  prepulse  drive 
on  the  J=0-1  transition  at  19.6  nm.  This  has  enabled  new  avenues  to  be  explored  including 
the  effect  on  the  laser  driven  targets  of  single  mode  perturbations  in  the  drive  intensity  and 
the  transient  behavior  of  thermal  smoothing  of  the  perturbations  as  illustrated  by  figures  1 
and  2  .  The  change  in  XUV  opacity  of  the  dense  shock  compressed  target  material  has  also 
been  studied  and  is  of  basic  science  interest  as  it  gives  the  first  direct  measurement  of  the 
scaling  with  density  of  inverse  Bremsstrahlung  absorption  in  a  strongly  degenerate  plasma 
[4]. 


Figure  1  Above  is  the  computed  form  of  a  ID  optical  mode  pattern  of  15  micron 
wavelength  used  to  drive  a  2  micron  thick  Al  foil  at  210'^  Wcm'^  .  Below  is  a  Ge  XUV 
laser  radiograph  with  50  ps  exposure  time  recorded  after  500  ps  of  drive  .  It  shows 
perturbations  induced  in  the  foil  which  correspond  to  5%  variations  in  its  thickness 
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Figure  2  Above  is  a  radiograph  similar  to  figure  1  but  including  a  smaller  region 
irradiated  in  addition  by  a  uniform  intensity  twice  that  of  the  modulated  drive  .  The  relative 
timing  of  the  uniform  and  modulated  drive  is  varied  to  study  the  effect  of  a  preformed 
plasma  atmosphere  on  the  efficiency  of  imprinting  of  hydrodynamic  perturbations .  A 
reduction  in  the  imprint  efficiency  in  the  region  of  drive  overlap  is  seen  in  the  radiograph 
and  quantified  in  the  lineout  of  intensity  shown  below. 


In  order  to  progress  further  we  are  giving  new  consideration  to  the  characteristics  of  the 
XUV  laser  source  .  One  area  of  investigation  concerns  the  intrinsic  speckle  pattern  of  the 
XUV  laser  beam  and  we  have  made  measurements  of  its  amplitude  and  Fourier 
composition  for  the  case  of  the  Ge  laser .  The  data  give  information  on  the  temporal  and 
spatial  coherence  of  the  laser  . 


We  are  interested  also  in  the  possibility  of  carrying  out  radiographic  studies  using  shorter 
wavelength  sources  .  Current  work  relies  on  probing  materials  whose  L  edge  transmission 
window  coincides  with  the  XUV  laser  wavelength  (  Si  for  the  Y  laser  and  A1  for  the  Ge 
laser ).  We  aim  to  extend  our  research  to  probe  thicker  targets  of  CH  plastic  materials  and 
for  this  purpose  we  are  developing  Ni-like  lasers  using  prepulse  drive  . 

The  paper  will  summarize  the  new  radiography  results  obtained  with  the  Ge  laser  ,  discuss 
the  speckle  pattern  of  the  laser  and  present  the  results  of  a  current  experiment  to  develop  the 
Ni  -like  probe  source  . 
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Accelerator  Based  Source  Development:  Higher,  Wider  and  Shorter 


Erik  D.  Johnson 

Brookhaven  National  Laboratory 


A  host  of  new  sources  are  currently  being  pursued  throughout  the  world  which 
push  the  performance  boundaries  higher,  wider  and  shorter  than  thought  possible 
only  a  few  years  ago  for  accelerator  based  technologies.  Various  free  electron 
laser  configurations  open  the  window  to  high  power,  sub-picosecond  synchrotron 
radiation  sources  over  a  wide  range  of  wavelengths.  Storage  ring  sources  still  have 
some  room  for  improvement  within  reason,  and  intense  pulsed  x-ray  sources  by 
Compton  scattering  are  now  being  experimentally  investigated.  This  talk  will 
outline  the  scope  of  these  developments  as  they  relate  to  the  production,  and 
possible  utilization,  of  novel  sources  of  radiation  based  on  accelerator  technology. 
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Nonlinear  laser-electron  and  laser-photon  scattering  has  been  observed  during  the 
interaction  of  an  intense  laser  with  46.6  GeV  electrons  in  the  Final  Focus  Test  Beam  at  SLAC. 
Nonlinear  laser-electron  and  laser-photon  scattering  is  characterized  by  two  dimensionless 
parameters.  The  first  is  if,  defined  as 


7]-  = 


rms 

2  2  2 


where  is  the  rms.  electric  field  strength  in  the  laboratory,  ft)^  is  the  laser  frequency,  and  A 


is  the  four  vector  potential.  The  second  is 

E 

^crii 

where  E^^,  = - ,  the  QED  critical  field  strength,  is  the  field  strength  at  which  an  electron  is 

eh 

accelerated  to  its  rest  mass  in  a  Compton  wavelength.^  y  is  the  Lorentz  factor  of  the  center 
momentum  frame. 
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As  77'  approaches  1,  nonlinear(multiphoton)  Compton  scattering 

n(Oi+e'  el 

becomes  probable.  For  lp,m  laser  light,  this  occurs  at  approximately  10'^  W/cm^.  represents 
the  laser  photon  and  the  scattered  photon,  while  n  is  the  number  of  laser  photons 

participating  in  the  scattering. 

If,  in  addition,  Y  1 ,  multiphoton  pair  production, 

nct)^  ■\-e~ 

becomes  possible.  The  critical  field  corresponds  to  an  intensity  in  excess  of  10^9  W/cm^,  but  the 
Lorentz  boost  associated  with  the  46.6  GeV  electrons  allows  the  critical  field  to  be  reached  with 
an  intensity  of  -10^9  W/cm^. 

We  have  performed  an  experiment  interacting  a  high  intensity  laser  with  46.6  GeV 
electrons  in  the  Final  Focus  Test  Beam  at  SLAC.^  The  laser  system  produces  picosecond  pulses 
with  intensities  in  excess  of  IQl*  W/cm^  with  1.053  pm  and  0.527  pm  wavelength  light  at  a 
repetition  rate  of  0.5  Hz.^  Thus,  both  rf  and  Y  approach  one  in  these  experiments. 

We  have  observed  both  positron  production  by  0.527  pm  wavelength  laser  light  and 
nonlinear  Compton  scattering^  with  1.053  pm  and  0.527  pm  wavelength  light.  Positron 
production  requires  a  minimum  of  4  laser  photons  due  to  the  center  of  momentum  energy 
requirement.  Nonlinear  Compton  scattering  has  been  observed  with  up  to  4  laser  photons 
participating  in  the  interaction. 
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The  acceleration  of  charged  leptons  to  TeV  energies  is  a  problem  of  consider¬ 
able  importance.  At  these  energies,  electroweak  spontaneous  symmetry  breaking  and 
the  Higgs  mechanism  are  expected  to  play  a  dominant  role  in  the  interaction  physics. 
Alternatively,  short  wavelength  photons  can  also  be  used  to  probe  this  energy  range,  as 
exemplified  by  the  y-y  collider  project  [1]. 

To  produce  TeV  electron  beams  over  reasonable  distances,  extremely  high  ac¬ 
celerating  gradients  are  required,  and  numerous  laser-driven  acceleration  schemes 
have  been  proposed  [2].  All  of  these  essentially  rely  on  the  very  high  peak  electric  fields 
associated  with  tightly  focused  TW-class  lasers  using  chirped  pulse  amplification  (CPA) 
[3],  as  mediated  by  either  plasmas  [4]  or  structures  in  vacuum  [2,5].  Among  the  different 
approaches,  vacuum  laser  acceleration  is  of  particular  interest  because  of  its  simplicity 
and  potential  for  extremely  high  gradients,  and  because  it  alleviates  plasma  control  and 
stability  issues  [6].  Unfortunately,  it  is  well-known  that  one  of  the  simplest  vacuum  laser 
acceleration  processes,  ponderomotive  acceleration  [5],  where  the  nonlinear  axial  force 
produced  by  the  combined  action  of  the  laser  transverse  electric  and  magnetic  fields 
accelerates  electrons  co-propagating  with  the  wave,  suffers  from  a  severe  drawback  as 
no  net  energy  gain  can  be  imparted  to  the  electrons  without  terminating  the  interaction 
with  structures  in  close  proximity  to  the  beam.  These  structures  may  be  damaged  by 
the  severe  radiation  environment  and  by  high  energy  electrons,  and  this  imposes  seri¬ 
ous  restrictions  on  experimental  designs,  as  noted  by  Sprangle  [2]. 

In  this  work,  we  propose  to  combine  vacuum  ponderomotive  acceleration  [6]  with 
Compton  backscattering  [7],  to  produce  high  energy  photons  with  a  high  intensity  laser 
and  an  electron  beam  of  relatively  modest  energy.  In  this  manner,  the  high  energy 
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acquired  by  the  electrons  within  the  drive  laser  pulse  is  effectively  extracted  in  the  form 
of  short  wavelength  photons  by  a  colliding  probe  laser  pulse,  without  requiring  complex 
structures  to  terminate  the  interaction,  thereby  preserving  the  robustness  and  simplicity 
of  vacuum  ponderomotive  acceleration.  It  will  be  shown  that  for  this  process,  the  photon 
energy  scales  as 

/JV=4f£f„<  (1) 

Ao 

where  is  the  laser  wavelength  (pump  and  probe),  is  the  electron  beam  energy,  and 


e  EqXq  _  e  X.0  I  Ip 
2k  moc^  K  \  2  eo 


is  the  dimensionless  amplitude  of  the  4-vector  potential  associated  with  the  drive  laser 
wave,  as  expressed  in  terms  of  the  focused  intensity  /„ . 

As  a  specific  example,  1-TeV  photons  could  be  produced  with  an  8.5  10^°  W/cm^ 
drive  pulse  at  800  nm,  interacting  with  a  550  MeV  beam.  These  parameters  correspond 
approximately  to  a  normalized  vector  potential  of  20.  By  comparison,  a  free-electron  la¬ 
ser  (FEL)  [8]  using  the  same  laser  wavelength  for  an  electromagnetic  wiggler  would  re¬ 
quire  over  200  GeV  of  beam  energy. 

The  theoretical  analysis  of  this  interaction  can  be  considerably  simplified  by  not¬ 
ing  that  while  the  fields  observed  in  the  lab  frame  correspond  to  an  interference  be¬ 
tween  colliding  laser  pulses,  the  pulses  are  effectively  decoupled  in  the  electron  frame 
because  their  respective  Doppler  shifts  differ  significantly  :  the  drive  laser  fields  are  "fro¬ 
zen"  and  remain  essentially  constant  during  the  Compton  backscattering  interaction. 

The  geometry  of  the  interaction  is  illustrated  schematically  in  Fig.  1.  For  the  sake 
of  simplicity,  the  main  portion  of  the  theoretical  discussion  is  given  in  terms  of  plane 
waves  ;  however,  three-dimensional  effects  are  taken  into  account  in  the  scaling  of  the 
process.  In  particular,  because  the  transverse  beam  excursion  in  the  drive  laser  field 
can  be  large,  the  preferred  interaction  geometry  corresponds  to  a  linearly  polarized 
drive  pulse  focused  in  a  slab  configuration,  as  shown  in  Fig.  1. 

The  overall  scaling  of  the  process,  for  a  slab  geometry,  is  summarized  in  Fig.  2, 
where  the  following  parameters  are  fixed  :  A,o  =  800  nm,  =  5  A-q,  and  where  the  pulse 
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duration  is  20  fs  FWHM.  Using  the  frequency  scaling,  the  relation  between  the  intensity 
and  the  normalized  vector  potential,  and  the  equation  describing  the  transverse  excur¬ 
sion,  with  the  constraint  that  the  drive  pulse  energy  W=  Oy,  the  photon  energy  can 
be  expressed  in  terms  of  the  electron  beam  energy  y^,  and  the  drive  pulse  energy  W,  as 
^  oc  IV 4/3  ^3  ppQpg  accurately  as 


G3  =  4 


1  Xo  W  \ 


4/3 


4^2/3  ay  n  At) 


(3) 


2/^5 


where  we  have  introduced  the  parameter  n  =  =0.6931  GW.  For  example, 

Eq.  (3)  and  Fig.  2  indicate  that  when  a  realistic  three-dimensional  slab  geometry  is  tak¬ 
en  into  account,  1-GeV  photons  can  be  produced  with  10  J  in  the  drive  pulse  and  a  325 
MeV  beam  ;  1-TeV  could  be  reached  with  1  kJ  of  laser  energy  and  a  1  GeV  beam. 
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Fig.  1  Geometry  of  the  interaction  process.  Fig.  2  Photon  energy  i^s.  beam  and  drive  iaser  energies. 
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Free  electron  lasers  utilize  a  relativistic  electron  beam  as  the  laser  medium,  which  results 
in  unique  properties  beneficial  to  the  generation  and  amplification  of  short  wavelength 
coherent  radiation.  Since  the  resonance  condition  can  be  adjusted  by  varying  externally 
controlled  parameters  such  as  the  electron  energy  or  the  wiggler  magnetic  field  strength, 
these  devices  are  well  suited  to  produce  sources  with  tunable  wavelength.  Also,  there  is 
no  problem  with  the  medium  having  undesirable  absorption  at  particular  wavelengths. 
Development  of  free  electron  laser  oscillators  utilizing  optical  cavities  has  proved  very 
successful  in  the  infrared.  As  one  considers  moving  into  the  vacuum  ultraviolet  and  x-ray 
regions,  mirrors  become  more  difficult,  and  it  is  worthwhile  to  consider  devices  based 
upon  single  pass  amplification.  One  approach  is  to  utilize  an  external  laser  to  seed  the 
FEL  amplifier.  At  short  wavelengths  a  seed  at  the  operating  wavelength  may  be 
unavailable,  but  one  can  use  a  subharmonic  seed  at  longer  wavelength  and  carry  out 
harmonic  generation  in  the  FEL  .  This  scheme  has  many  merits  especially  in  the 
ultraviolet  region  from  75nm-200nm.  The  temporal  coherence  of  the  output  is  inherited 
from  the  seed  laser.  Another  approach  is  to  start  the  FEL  from  the  spontaneous  radiation 
emitted  at  the  beginning  of  the  wiggler.  This  approach  is  viable  at  very  short  wavelengths 
where  even  subharmonic  seeds  are  unavailable.  Devices  based  on  self-amplified 
spontaneous  radiation  are  capable  of  delivering  high  intensity  and  good  transverse 
coherence,  but  the  frequency  bandwidth  cannot  be  as  narrow  as  achievable  in  an 
oscillator  or  seeded  amplifier. 

In  this  paper  we  give  an  overview  of  the  theory  of  FEL  amplifiers  and  discuss  their 
application  to  the  development  of  sources  of  short  wavelength  coherent  radiation. 
Intensity,  brightness,  wavelength  tunability,  and  coherence  of  the  source  is  described,  and 
consideration  is  given  to  the  projects  under  development  at  DESY,  BNL  and  SLAC  . 
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We  have  developed  an  elaborate  theoretical  and  computational  approach  for  the  study 
of  strong  field  phenomena  in  two-electron  atoms  taking  into  account  the  electron-electron 
correlation  in  the  dynamics  of  the  process.  The  work  grew  in  three  stages.  In  the  first 
stage,  we  developed  the  essentials  of  the  approach  which  consists  of  a  discretized  L^-basis 
of  atomic  states  constructed  in  terms  of  B-splines.  These  are  completely  correlated  two- 
electron  states  in  terms  of  which  we  expand  the  time-dependent  wavefunction  satisfying 
the  Schrodinger  equation  which  includes  the  interaction  with  the  time-dependent  laser  field 
represented  by  a  realistic  pulse  shape.  Recently  published  results[l,  2]  include  ATI  and 
photoelectron  angular  distributions  in  He  which  showed  very  small  correlation  effects  as 
evaluated  through  a  comparison  with  frozen  core  or  single-active-electron  calculations  which 
are  conveniently  performed  using  the  same  technique. 

In  the  second  stage,  the  method  was  extended  to  the  case  of  ionization  above  several 
thresholds  so  that  the  ion  may  be  left  in  one  of  several  possible  ionic  states,  with  branching 
ratios  which  in  perturbation  theory  are  determined  by  the  number  and  the  frequency  of  the 
photons  absorbed,  and  are  independent  of  the  intensity.  This  problem  involves  several  open 
channels  with  the  well-known  difficulties  even  in  single-photon  absorption.  In  our  approach, 
as  in  any  approach  involving  discretized  basis  sets,  we  had  to  handle  an  obstacle  arising  from 
the  fact  that  the  different  continua,  corresponding  to  the  various  thresholds,  are  discretized 
so  that  the  degeneracy  in  the  continuum  that  leads  to  different  ionic  states  is  practically 
lost,  when  the  L^-basis  is  constructed  through  a  fixed  boundary  condition,  namely  that  the 
wavefunction  vanishes  at  the  end  of  the  box. 

Even  with  that  restriction,  we  were  able,  through  a  renormalization  and  averaging  tech¬ 
nique,  to  circumvent  that  difficulty  and  to  obtain  photoelectron  energy  spectra[3],  including 
ATI  showing  the  branching  of  the  signal  above  the  various  thresholds  in  atomic  Mg  which 
was  employed  as  a  test  case  to  illustrate  our  quantitative  results.  One  example  of  those 
results  illustrating  the  effect  of  intensity  on  branching  ratios  in  the  ATI  spectrum  is  shown 
in  Fig.  1. 

Through  the  averaging  procedure,  we  lose,  however,  the  angular  information  necessary 
for  the  calculation  of  photoelectron  angular  distributions.  In  a  further  development [4],  we 
solved  that  problem  through  a  major  extension  of  the  technique  which  amounts  to  a  novel 
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method  for  solving  the  time-dependent  Schrodinger  equation  in  the  presence  of  multiple  open 
continua.  By  relaxing  the  boundary  condition  at  the  end  of  the  box,  the  problem  is  turned 
into  an  eigenvalue  problem.  Without  going  into  technical  details,  it  will  suffice  to  mention 
here  that  the  technique  enables  us  to  obtain  sufficiently  high  density  of  states  to  calculate  all 
features  of  the  problem,  including  photoelectron  anular  distributions,  one  example  of  which 
is  shown  in  Fig.  2.  A  comparison  of  the  refinement  obtained  in  the  photoelectron  energy 
spectra  with  that  of  the  averaging  techique  is  shown  in  Fig.  1. 

In  the  third  major  extention,  we  have  been  able  to  develop  a  method  for  the  time- 
dependent  nonperturbative  solution  of  the  two-electron  Schrodinger  equation  including  dou¬ 
ble  ionization.  The  use  of  the  free-boundary  condition  approach  was  critical  in  implementing 
this  generalization.  First,  we  calculated  in  He  single-photon  two-electron  ejection  in  pertur¬ 
bation  theory,  with  results  in  good  ageement  with  experiment  and  the  most  recent  theory 
by  Pont  and  Shakeshaft[5].  We  have  now  begun  obtaining  nonperturbative  results  of  single 
and  double  ionization  in  He  for  photon  frequencies  ranging  from  15  eV  to  5  eV.  Details  of 
the  techniques  and  results  will  be  presented. 

Finally,  we  present  a  number  of  results  [6,  7,  8]  illustrating  the  application  and  usefulness 
of  the  B-splines  discretized  basis  technique  to  the  calculation  of  nonlinear  susceptibilities  for 
photons  of  XUV  frequencies  where  the  transitions  are  deep  into  the  continuum  posing  thus 
special  difficulties  due  to  the  multiple  poles  in  the  trasition  matrix  elements. 
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Comparison  of  calculations  with  different  conditons 


Figure  1;  Comparison  of  calculations  with  different  boundary  conditions.  I  = 
hu  =  5  eV. 


First  photoelectron  peak  Second  photoelectron  peak 

1=1x1 0"W/cm.  X=279.01nm  I=1x10”  W/cm,  Ji=279.S1nm 


I=2x10"  W/cm.  X;T279.81nm  I=2x10”  W/em,  X.=279.ainm 


Figure  2:  Polar  and  linear  plots  of  photoelectron  angular  distributions  at  two  energies,  and 
at  two  laser  intensities.  Upper  figures,  I  =  lO^^fF/cm^;  lower  figures,  I  —  2  x  lO^^VF/cm^. 
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High-order  harmonic  generation  by  means  of  high-energy,  femtosecond  laser  pulse  has  proved 
to  be  a  convenient  v/ay  to  generating  coherent  radiadon  in  the  extreme-ultraviolet  (XUV) 
spectral  regions.  Recent  experiments  [1,2]  show  that  harmonic  duration  is  much  shorter  than 
the  pump  one  while  divergence  measurements  show  diat  the  harmonic  beam  should  be 
focussable  to  a  fairly  small  spotsixe  and  reach  intensities  high  enough  for  nonlinear 
interactions,  hi  this  contribution  we  report  the  first  electron  energy  spectromC )  resulting  firom 
non-resonant  multiphoton  transitions  induced  in  the  XUV  domain  using  harmonics  produced 
in  xenon  by  the  120  fs,  10  mJ  Tiisapphhre  laser  ar  the  Palaiseau  facility.  An  annular  beam 
geometiy[3]  is  used  to  separate  the  fundamental  from  the  harmonics  which  are  focussed  in  a 
magnetic  bottle  electron  spectrometer  filled  with  i0‘"  ton:  of  helium  by  a  (W-Re)-coated 
spherical  minor  (R=70mm),  The  intensity  of  die  pump  laser  is  adjusted  to  .9  mJ  for  a  cutoff 
at  15.  Consequently,  no  one-photon  ionization  of  helium  is  observed. 

Photoelectrons  are  detected  only  when  the  XUV  radiation  reflected  by  the  mirror  is  focussed 
in  the  sensitivity  zone  of  the  magnetic  bottle  (Fig.l).  This  behavior  is  the  signature  of  a  strong 
intensity  dependence  of  the  ionization  process  and  rules  out  one-photon  processes. 

A  typical  electron  enei^  spectrum  is  displayed  in  Fig.2.  The  low  energy  electron  peak  result 
from  a  total  absorbed  energy  of  about  25  eV  and  most  likely  correspond  to  two-photon 
processes  allying  up  tol6  fundamental  photons  (hl3+h3,  hll+hS,  h9+'h7).  The  shape  of  this 
peak  is  affected  by  the  drop  of  the  spectrometer  transmission  for  energies  below  1  eV.  The 
much  smaller  part  around  28-29  eV  probably  results  from  processes  adding  up  to  18 
fiiTKtgtviftfitat  photons  involving  hl5+h3,  hl34h5,  hll4-h7,  h9+h9-  The  absence  of  a  "17- 
phoion"  peak  would  then  result  from  the  odd  parity  of  the  harmonics  and  too  low  an  intensity 
to  induce  three-photon  processes.  Work  is  in  progress  to  interpret  the  detail  of  the  structure  of 
these  peaks. 

[1]  C.  Glover  et  al,  Phys.  Rev.  Lett.  76, 2468  (1996) 

[2]  A.  Bouhal  et  al,  to  ^jpear  in  JOSA  B  (1997) 

[3]  J.  Peatross  et  al.  Opt.  Lett.  19,  No.  13  (1994). 

(*)  Two-photon  XUV  processes  detected  throng  ion  charge  spectrometry  aree  reported  in  this  Worieshop  by  the 
Ohio  group. 
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Fig.  1  Total  Ionization  signal  vs  focus  position.  The  loicntzian  fit  has  FWHM  of  I  mm  corresponding 
to  the  sensitivity  zone  of  the  magnetic  little  spectrometer. 
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Fig.  2  Electron  energy  spectrum  from  two-photon  ionization  of  helium  by  harmonics  3-15  of  a 
Ti;sapphire  laser  with  an  energy  of  .9  ml.  The  arrows  dww  the  positions  of  one-photon  ionization 
peaks  by  harmonics  17  and  19.  Theses  peak  appear  only  at  higher  pump  energy. 


FD3-1/221 

LASER-ASSISTED  MULTICOLOR  PHOTOIONIZATION 
OF  ATOMS  WITH  HIGHER  HARMONICS 

Alfred  Maquet,  Richard  Taieb  and  Valerie  V^niard 

Laboratoire  de  Chimie  Physique  -  Mature  et  Rayonement,  University  Pierre  et  Marie  Curie, 

11  Rue  Pierre  et  Marie  Curie,  75231  Paris  Cedex  05,  France. 
e-mail:  w@ccr.jussieu.fr;  Phone:  33-1  44  27  66  31 ;  Fax:  33-1  44  27  66  31 


We  discuss,  via  a  numerical  calculation,  the  main  properties  of  atomic  photoelectron 
spectra,  as  they  would  be  obtained  by  using  a  radiation  pulse  containing  higher  harmonics 
together  with  the  laser  which  has  been  used  to  generate  them.  We  address  more  precisely  the 
physically  relevant  situation  in  which  the  harmonics  have  much  weaker  intensities  than  the  one 
of  the  laser.  In  such  multicolor  photoionization  processes,  the  atom  can  simultaneously  absorb 
harmonic  UV  photons  and  exchange,  i.e.  absorb  and/or  emit  (via  stimulated  emission)  laser  IR 
photons.  An  interesting  outcome  of  our  study  is  to  show  that  such  new  effects  should  be 
observable  with  currently  developed  harmonic  sources. 

We  have  simulated  the  photoelectron  spectra  by  numerically  solving  the  time-dependent 
Schrddinger  equation  (TDSE)  for  a  real  (3-D)  hydrogen  atom  in  the  presence  of  the  radiation 
pulse.  The  photoelectron  spectra  are  obtained  from  a  spectral  analysis  of  the  atomic  wave 
function  after  the  end  of  the  pulse. 

Our  results  show  that,  when  the  frequency  of  the  harmonics  is  larger  than  the  ionization 
potential  of  the  atom,  everything  else  being  kept  fixed,  the  magnitudes  of  the  photoelectron 
peaks  are  strongly  dependent  on  the  difference  of  phase  between  successive  harmonics.  This 
strong  dependence  results  from  interference  effects  taking  place  between  competing  quantum 
paths  leading  to  a  given  final  state.  It  shows  that  a  detailed  study  of  multicolor  photoionization 
spectra,  involving  high  harmonics  and  the  laser  field  which  has  been  used  to  generate  them,  can 
provide  interesting  information  on  the  phase  differences  between  successive  harmonics  [1]. 

On  the  other  hand,  for  lower  harmonics  frequency  (below  threshold)  two-color 
experiments  can  lead  interesting  informations  concerning  the  dynamics  of  some  resonant 
ionization  processes  (“pump-probe”  simulations).  New  results  concerning  1-D  (Soft-Coulomb 
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potential)  and  3-D  atoms  will  be  presented. 


[1]  V.  V^niard,  R.  Taieb  and  A.  Maquet,  Phys.  Rev.  Lett.  74,  4161  (1995);  V.  V6niard,  R. 
Taieb  and  A.  Maquet,  Phys.  Rev.  A  54,  721  (1996). 
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The  application  of  laser  pulses  with  supershort  duration  of  the  order  of  10  fs  has  recently 
been  proposed  [1,2]  for  enhancement  of  high  order  harmonic  emission  and  subfemtosecond 
pulse  production  in  the  soft  X-ray  range.  Such  short  driving  pulses  contain  only  a  small 
number  of  optical  cycles  and  therefore  high  energy  photon  bursts  are  generated  due  to  atom 
ionization  at  rapidly  increasing  field  amplitudes.  It  is  obvious  that  the  efficiency  of  this 
process  becomes  dependent  on  the  concrete  field  distribution  over  the  pulse  or,  in  the  other 
words,  on  the  absolute  phase  of  the  optical  field. 

The  original  idea  of  an  enhancement  of  energetic  x-ray  burst  production  with  a  decrease  of 
the  pulse  duration  consists  in  the  following.  At  a  sharply  increasing  laser  field  amplitude, 
atoms  may  be  ionized  with  high  probability  (or  the  main  part  of  the  electron  T'-function  may 
be  detached  from  the  intraatomic  potential)  for  a  fraction  of  an  optical  cycle  when  the  field 
strength  passes  the  ionization  threshold  value.  For  the  subsequent  laser  period  the  electron 
wave  packet  including  almost  all  particles  will  be  accelerated  by  the  laser  field  and  may 
collide  with  the  parent  ion  core  at  a  velocity  higher  than  that  for  the  case  of  slowly  varying 
field  amplitude. 

The  efficiency  of  this  mechanism  may  be  easily  illustrated  by  considering  the  classical 
picture  of  the  relevant  trajectories  of  freed  electrons  that  are  responsible  for  the  high  energy 
photon  emission.  Let  us  assume  that  the  leading  front  of  the  pulse  is  characterized  by  the 
exponential  growth  of  the  field  amplitude  with  an  increment  P  measured  in  the  laser  field 
frequencies.  We  will  be  interested  in  the  phase  (pcd  and  the  energy  Ucoi  of  return  collisions 
of  classical  electrons  with  parent  ions  depending  on  the  electron  release  phase  (p.  In  the  case  P 
=0,  considering  the  one-dimensional  electron  trajectory,  precisely  half  of  the  electrons  will 
collide  with  ions  at  least  once.  These  are  the  electrons  released  from  intraatomic  potential 
during  quarters  of  the  field  cycles  after  achieving  the  local  maximum  values.  The  electrons 
released  within  quarters  of  the  increasing  field  cycles  do  not  return  to  parent  ions  at  all.  The 
picture  changes  for  P>0.  It  is  seen  in  Fig. la  that  with  increasing  P  the  boundary  of  the  "non¬ 
return  phase"  shifts  to  the  negative  domain,  i.e.  the  electrons  released  before  the  field  maxima 
may  participate  in  the  bremsstrahlung.  In  this  case  the  maximum  of  the  return  collision  energy 
(Fig.  lb)  broadens  and  shifts  from  =18°  at  P=0  to  the  earlier  phases,  so  that  it  arrives  at  (p=0 
when  P=0.2.  In  general,  this  fact  indicates  an  improved  conditions  for  the  soft  X-ray  burst 
generation  and  an  increase  in  the  maximum  energy  of  emitted  photons.  However,  it  is  clear 
that  the  process  of  soft  X-ray  burst  generation  is  rather  sensitive  to  a  specific  temporal  profile 
of  the  pulse  and  one  can  imagine  a  situation  when  the  non-return  effect  of  the  most  released 
electrons  will  lead  to  a  dramatic  reduction  of  the  bremsstrahlung  efficiency. 

This  can  happen  for  example  if  the  field  passes  the  range  of  strengths  that  are  critical  for 
the  atom  decay  in  the  growing  phase  but  close  to  the  pulse  center  when  the  amplitude  reaches 
the  maximum.  Then  a  freed  electron  bunch  is  mainly  generated  for  (p<0,  while  the  value  P  is 
close  to  0.  It  is  interesting  to  note  that  if  the  non-return  condition  is  fulfilled  near  the  axis  of 
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the  3d  pulse  cross-section,  at  the  periphery,  vice  versa,  the  excitation  of  short  wavelength 
bursts  does  occur,  since  electrons  are  released  for  lower  field  envelopes  near  the  field 
maximum  (p=0.  This  may  cause  hollow  distributions  in  the  spatial  domain  where 
subfemtosecond  pulses  are  generated. 


9col  ^col 


Fig.l  The  phase  (pcoi  (a)  and  the  energy  Uf-ol  (b)  of  electron  return  collisions  with  parent  atoms 
versus  the  phase  of  electron  production  (p  and  the  rate  P  of  the  field  amplitude  increase. 


From  the  above  simple  consideration  we  conclude  that  the  high  energy  photon  burst 
emission  may  be  controlled  by  shaping  the  driving  laser  pulse.  A  next  question  that  arises  is 
how  collective  processes  in  the  ionized  gas  affect  the  characteristics  of  the  burst.  To 
investigate  this  problem  quantitatively  we  have  employed  a  1+1  simulation  model  developed 
in  our  previous  work  [3]  to  consider  the  self-consistent  dynamics  of  linearly  polarized 
electromagnetic  wave  propagating  in  a  gas  of  single-type  atoms.  The  set  of  equations  are  the 
Maxwell  equations  for  a  field  in  the  medium  written  in  the  simplest  form  of  a  one¬ 
dimensional  scalar  wave  equation  (z-direction  along  propagation  path)  and  the  Schroedinger 
equation  with  the  intraatomic  potential  V(x)  (x-direction  along  electric  field)  for  the  single 
electron  'F-function  .  We  have  chosen  the  potential  in  the  form  of  V(x)=(l+x2)'0-5  with  a 
binding  energy  of  0.67  a.u.  and  considered  laser-gas  interaction  for  the  few-optical-cycle 


pulses. 

Fig.  2  shows  the  time  dependence  of  the 
driving  field  that  has  the  Gaussian  envelope  with 
carrier  frequency  of  0.2  a.u.  and  the  response 

7  dV 

function,  R(t)  =  \\VY —dx ,  for  the  field  amplitude 

OX 

of  2.1  a.u.  Since  the  R  function  is  responsible  for 
the  high-energy  photon  emission  due  to  the 
electron-core  interaction,  we  see  that  it  is  possible 
to  ionize  atom  almost  completely  for  one  half 
period.  During  this  time  interval  the 
electromagnetic  radiation  emitted  by  atoms  mainly 
consists  of  comparatively  low  frequency 
components  (as  follows  from  the  curve  for  the 
response  function)  and  is  produced  at  electron 
tunneling  [4]  through  the  barrier  formed  by  the 
atomic  potential  and  the  driving  field.  For  the 
subsequent  half-period,  the  electron  wave  packet  is 
free  (/?~0),  and  then,  returning  back  and  colliding  with  parent  ion  (t  ~  125),  it  generates 
radiation  with  higher  frequencies.  As  it  is  seen  in  Fig.  3,  where  the  frequency  spectrum  of 


Fig.2.  The  time  dependence  of  the  driving  field 
(dotted  line)  and  the  response  function  R  caused 
by  electron-core  interaction  (solid  line). 
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electric  field  is  shown  at  various  distances  of  pulse  propagation,  the  plateau  region  is 
extended  over  the  harmonic  order  up  to  n~80-90.  We  also  see  that  spectral  intensities  in 
several  frequency  domains  have  different  dependencies  on  the  propagation  distance.  In  Fig.  4, 
we  present  the  value  of  energy  contained  in  definite  intervals  of  spectrum  versus  the 
propagation  path.  The  main  feature  of  these  functions  is  that  they  grow  exponentially  at  the 
initial  stage  (small  z),  i.e.  high  frequency  signal  is  exponentially  amplified.  This  is  a 
manifestation  of  the  effect  of  stimulated  emission  at  freed  electron  interaction  with  parent  ion 
in  the  presence  of  super-strong  laser  field.  A  detailed  analysis  of  this  phenomenon  will  be 
done  in  the  report.  Here  we  only  note  that  the  saturation  effect  in  the  amplification  of  the 
stimulated  emission  is  mainly  caused  by  wave  dispersion  in  the  emerging  plasma  and  it  is 
more  essential  at  higher  frequencies  (see  Fig.  3  and  4). 


Fig.3.  Field  spectrum  at  the  various  propagation 
distances. 


Fig.4.  Energy  of  high-frequency  components 
integrated  over  definite  spectral  intervals  versus 
the  propagation  distance. 


References 

1.  J.Zhou,  J.Peatross,  M.M.Murname  et  ah,  Phys.Rev.Lett.  76,  752  (1996). 

2.  A.M.Sergeev,  A.V.Kim,  and  E.V.Vanin,  in  "Generation,  Amplification,  and  Measurements 
of  Ultrashort  Laser  Pulses"  Proc.  SPIE,  2701,  416,  (1996). 

3.  E.V.Vanin,  A.V.Kim,  M.C. Downer,  and  A.M.Sergeev,  JETP  Lett.  58,  900  (1993). 

4.  M.I.Dyakonov  and  I.V.Gornyi,  Phys.Rev.  Lett.  76,  3542  (1996). 


226/FD5-1 
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The  behavior  of  atoms  in  strong  fields  has  been  the  subject  of  many  investigations,  both  experimental 
and  theoretical.  Previously,  tlie  majority  of  experimental  studies  have  been  confined  to  the  multi-photon 
ionization  or  mixed  regimes  while  few  experiments  have  been  done  in  the  tunneling  regime[l,2].  The  data 
we  will  present  is  the  first  to  examine  the  photoionization  process  over  the  intensity  range  from 
multiphoton  ionization  to  well  within  the  tunneling  regime.  We  have  taken  photoelectron  energy  spectra, 
ion  yield  curves,  and  angular  distributions  of  helium  and  neon  over  a  wide  range  of  intensities  using  a 
titanium  sapphire  laser  operating  at  1  kHz ,  780  nm,  and  a  pulse  width  of  ~120  fs,  focused  into  an  UHV 
chamber  with  f/4  optics,  allowing  maximum  intensities  of  20  PW/cm\  The  large  dynamic  range  allowed 
by  the  kilohertz  repetition  rate  makes  it  possible  for  a  quantitative  comparison  between  experiment  and 
theory.  Helium  and  neon  were  chosen  for  the  study  since  previous  investigations  have  established  that 
ionization  occurs  in  the  tunneling  regime  [3].  Our  investigations  show  that  while  the  rescattering  model 
[4,5]  describes  the  one  electron  dynamics  quantitatively,  the  extension  of  the  rescattering  model  to 
inelastic  rescattering  as  a  mechanism  for  creating  higher  charge  states  fails  to  provide  even  a  qualitative 
description. 
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Figure  1:  Total  He  photoelectron  distributions  for  780  nm  ot  8  x  1 0  ‘ 2 

Figure  1  shows  a  photoelectron  energy  spectrum  of  helium  taken  in  the  tunneling  regime,  (solid 
line).  The  photoelectron  spectrum  consists  of  a  low  energy  peak  followed  by  a  high  energy  plateau  several 
orders  of  magnitude  lower.  The  low  energy  peak  can  best  be  understood  by  looking  at  a  simple 
quasiclassical  model,  (SQC)  [1],  where  only  the  interaction  of  the  electron  with  the  time  varying  laser 
field  is  considered.  Figure  1  makes  it  clear  that  the  SQC  model  alone  is  insufficient  to  explain  the 
observed  photoelectron  energy  spectrum.  The  maximum  energy  a  photoelectron  can  have  in  this  model  is 
2Up,  (in  atomic  units  Up=I/4co^).  We  find  that  the  observed  photoelectron  energy  spectra  can  be 
quantitatively  described  by  a  complete  rescattering  model.  In  tlie  rescattering  model  electrons  tunnel  into 
the  continuum,  as  in  the  SQC  model,  but  unlike  the  SQC  model  the  electron  wave  packet  may  return,  via 
acceleration  in  the  laser  field,  to  rescatter  off  the  core.  In  this  model  the  high  energy  electrons  can  extend 
out  to  8-10  Up  as  can  be  seen  in  Fig.  1.  This  model  shows  good  agreement  with  the  measured 
photoelectron  energy  spectrum,  however  to  achieve  this  agreement  it  is  insufficient  to  consider  the 
scattering  potential  as  a  simple  Coulomb  potential,  but  is  necessary  to  consider  also  the  short  range  part  of 
the  potential.  Figure  1  shows  the  calculated  spectrum  with,  (dashed  line),  and  without,  (dotted  line),  the 
short  range  potential. 
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Figure  2:  Experimental  and  calculated  ratio  of  the  total  number  of  electrons  with  energies  >2Up  over 

those  with  <2Up . 

Figure  2  shows  the  compiled  experimental,  (filled  stars  Ne  data,  unfilled  are  He),  and  calculated 
ratios  of  electrons  with  energies  >2Up  to  those  with  energies  <2Up  for  helium,  (solid  line),  and  neon, 
(dotted  line)  and  the  pure  Coulombic,  (dashed  line),  scattering  potential  calculation.  Coulomb  scattering 
underestimates  the  observed  ratios,  while  the  calculations  including  the  short  range  physics  result  in 
excellent  agreement. 

One  may  be  tempted  to  extend  the  rescattering  model  to  inelastic  rescattering  events  where  the 
returning  electron  scatters  inelastically  from  the  core  with  enough  energy  to  liberate  another  electron.  This 
model  predicts  a  threshold  intensity  where  the  intensity  is  not  sufficient  to  impart  enough  energy  to  the 
first  electron  to  free  a  second.  There  is  no  indication  of  this  threshold  in  our  data. 

The  ratio  between  the  second  and  first  charge  states  were  measured.  Figure  3  shows  the  measured  ion 
ratio  curves  for  helium  and  neon,  at  780  nm.  Also  shown  are  the  ion  ratios,  as  calculated  by  our 
rescattering  model.  The  inelastic  rescattering  model  underestimates  the  ratio  by  nearly  an  order  of 
magnitude  since,  using  the  initial  wave  packet  size  and  spreading  established  by  the  elastic  rescattering 
model,  the  cross-section  for  the  e-2e  process  is  too  low.  The  difference  between  the  calculated  He,  (solid 
line),  and  Ne,  (dashed  line),  curves  is  due  to  the  difference  in  their  short  range  potential.  This  difference  is 
not  reflected  in  our  data,  (filled  circles  are  our  helium  data,  unfilled  are  neon),  strongly  indicating  that 
another  process  is  responsible  for  the  double  ionization.  Ratio  curves  for  helium  were  also  taken  with  390 
nm  excitation,  this  data  also  shows  inconsistency  with  the  e-2e  model. 


intensity  (W/cm^  ) 

Figure  3:  Experimental  and  calculated  ratio  of  nonsequential  double  ionization  to  single  ionization  for 

helium  at  780  nm 
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In  conclusion  we  will  show  that  the  rescattering  model  explains  observed  one  electron  dynamics 
quantitatively.  Furthermore,  we  will  demonstrate  the  necessity  of  including  the  short  range  potential  in  the 
calculations,  and  the  sensitivity  to  initial  wave  packet  width.  We  will  also  show  that  the  inelastic 
rescattering  fails  to  even  show  qualitative  resemblance  to  the  observed  double  ionization  rate,  indicating 
that  some  process  other  than  the  e-2e  inelastic  rescattering  is  responsible  for  the  observed  double 
ionization.  This  work  constitutes  the  first  quantitative  analysis  and  comprehensive  experimental  survey  of 
the  strong  field  rescattering  of  electrons. 
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The  dissociation  and  ionization  mechanisms  of  molecules  and  molecular  ions  in  a  high 
intensity  non-perturbative  optical  radiation  field  has  attracted  much  interest 
experimentally  as  well  as  theoretically  ([1,2]  and  refs,  cited  there).  Especially 
investigations  on  molecular  hydrogen  have  revealed  many  new  molecule  specific  high 
field  phenomena  originating  in  the  coupled  electronic  and  nuclear  degrees  of  freedom. 
Zaviyev  et  al.  and  Yang  et  al.  found  mechanisms  like  bond-softening  dissociation,  above 
threshold  dissociation,  or  multiphoton  dissociation  to  be  active  in  the  hydrogen 
molecular  ion  [3,4,5].  Also  an  indication  of  light-induced  vibrational  structure  in  H^^  and 
D^”"  was  detected  [6].  At  the  high  intensities  reached  in  a  focused  laser  beam  finally  the 
molecular  ion  may  become  ionized  resulting  in  Coulomb  explosion  of  the  remaining  bare 
nuclei.  Hints  pointing  to  this  mechanism  to  be  active  have  been  found  in  H^  and  D^ 
kinetic  energy  distributions  [2,6]. 

In  our  experiments  at  excitation  wavelengths  1053  nm  and  527  nm  we  use 
sub-picosecond  laser  pulses  in  an  intensity  range  up  to  5x10’“  Watt/cm^  to  investigate  the 
ionization  and  dissociation  mechanisms  of  X’E^^  ground  state  molecular  hydrogen  in  a 
strong  optical  radiation  field  and  their  dependence  on  wavelength.  This  extends  previous 
experiments  at  or  close  to  these  wavelengths  done  with  laser  pulses  having  a  pulse  width 
longer  than  ~50  psec  [3-5].  Our  shorter  pulse  width  allows  us  to  look  into  processes  at 
a  much  higher  intensity  level  because  of  a  higher  saturation  fluence  for  all  processes.  The 
laser  radiation  we  use  for  these  experiments  is  generated  by  a  Ti: Sapphire  oscillator 
emitting  at  1053  nm.  After  chirped  pulse  amplification  and  recompression  the  pulses 
have  -0.7  psec  pulse  width  and  reach  a  focused  peak  intensity  of -2x10’“  Watt/cm^  in  the 
interaction  region  with  the  hydrogen  molecules.  Pulses  at  527  nm  are  generated  by 
frequency  doubling.  In  the  focused  527  nm  beam  we  reach  an  intensity  of  -5x1 0’“ 
Watt/cm^  For  the  experiments  on  B’S/  H^  molecules  either  1064  nm  Nd:YAG  laser 
pulses  with  -5  nsec  pulse  duration  or  100  fsec  Ti;  Sapphire  pulses  at  790  nm  are  used. 
Single  (v  =  3,J)  ro-vibrational  levels  of  the  B’E/  electronically  excited  state  are  prepared 
by  1 -photon  absorption  of  narrow  bandwidth  tunable  VUV  radiation  at  106  nm.  In  these 
experiments  the  IR  laser  intensity  is  kept  below  approximatly  10  W/cm  to  discriminate 
against  ground  state  multiphoton  excitation  of  the  molecule. 

At  527  nm  the  dependence  of  the  total  yield  of  molecular  and  atomic  ions  and 
therefore  also  of  the  dissocition  fraction  X7(X^  +  X/)  (X  =  H,D)  on  the  light  pulse 
intensity  we  measure  does  not  show  a  significant  isotope  effect.  In  contrast  at  1053  nm 
we  observe  a  very  strong  isotope  effect  in  the  dissociation  fraction.  For  D^  it  rises  much 
faster  with  increasing  intensity  than  for  H^  [7].  An  isotope  effect  can  only  arise  for  a 
process  which  is  not  purely  electronic  in  nature  but  is  influenced  by  nuclear  dynamics. 

The  photoelectron  kinetic  energy  distributions  at  527  nm  excitation  wavelength 
show  besides  above  threshold  ionization  (ATI)  structure  a  pronounced  resonance 
substructure  up  to  1x1 0’“  Watt/cm^  laser  pulse  peak  intensity  [7].  Since  we  are  working 
in  the  'short'  pulse  excitation  regime  this  means  that  7-photon  resonant  ionization  via 
AC-Stark  shifted  excited  states  is  the  dominating  ionization  pathway.  We  are  able  to 
identify  the  resonant  states  as  excited  molecular  hydrogen  states  with  principal  quantum 
numbers  n  =  4,5,6  having  Rydberg  character.  Above  lxl0’“  Watt/cm"  laser  pulse  peak 
intensity  the  photoelectron  spectra  loose  the  resonance  substructure.  A  broad  nearly 
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structureless  spectrum  appears.  In  an  intermediate  intensity  regime  two  local  electron 
yield  enhancements  may  have  their  origin  in  multiphoton  ionization  of  H(ls)/D(ls)  atoms 
formed  in  a  dissociation  process.  The  photoelectron  spectra  we  measure  do  not  show  a 
significant  isotope  effect  meaning  that  they  are  determined  by  the  electronic  structure  of 
the  molecules  alone.  The  1053  nm  spectra  show  some  structure  (ATI,  resonances)  at 
intensities  I  below  8x10'^  W/cm^  at  higher  intensities  a  broad  hump  develops  which 
extends  out  to  ~30  eV  at  the  highest  intensity  used.  This  may  indicate  a  transition  to 
tunnel  ionization  which  is  expected  to  occur  near  8x10’^  W/cml 

The  photoion  kinetic  energy  distributions  show  a  similar  overall  dependence  on  the 
laser  pulse  peak  intensity,  irrespective  of  the  isotopomere  and  laser  wavelength  used  [8]. 
At  low  intensity  a  low  kinetic  energy  peak  at  ~  0.32  eV  with  a  very  small, 
wavelength  and  isotopomere  dependent,  intrinsic  width  (~30  meV  (D2,  527  nm), 
~70  meV  (H^,  527  nm),  ~70  meV  (D^,  1053  nm),  -150  meV  (H^,  1053  nm))  dominates 
the  spectrum.  At  527  nm  this  peak  is  expected  to  originate  in  bond-softening  dissociation 
[3,4]  while  at  1053  nm  above  threshold  dissociation  is  suspected  as  its  origin 
[5].  The  small  intrinsic  width  indicates  that  only  very  few  vibrational  states  take  part  in 
these  processes. 

At  high  light  intensity  (I  >  2x10’"  W/cm^  (527  nm),  I  >  1.2x10’"  W/cm^  (1053  nm)) 
only  one  broad  yield  maximum  remains  near  -  1 .6  eV.  For  H2  and  D2  at  1053  nm  this 
ion  yield  maximum  shifts  slightly  to  higher  kinetic  energies  and  develops  a  shoulder  on 
the  high  energy  side  with  rising  light  peak  intensity.  This  broad  yield  maximum  may  be 
interpreted  as  Coulomb  explosion  dissociation  after  enhanced  tunnel  or  above  barrier 
ionization  of  internuclear  distances  near  R  =  8.5a.u..  The  calculated 

starting  intensity  for  above  barrier  ionization  reaches  a  minimum  at  R  =  7  a.u.,  thus 
supporting  this  interpretation.  The  dependence  of  the  dissociation  ratio  at  1053  nm  on 
the  isotopomere  and  the  shifting  Coulomb  explosion  peak  in  the  photoion  spectrum 
seem  to  indicate  that  at  this  wavelength  the  molecular  ion  passes  only  once  through  the 
critical  region  of  internuclear  distances  where  it  is  ionized  preferentially.  Contrary  at  527 
nm  a  Coulomb  explosion  peak  which  does  not  change  shape  and  position  with  rising 
light  peak  intensity  may  indicate  that  the  molecular  ion  is  ionized  from  a  stabilized  state 
near  the  critical  internuclear  distance  where  the  photoionization  rate  is  maximum. 

First  experiments  were  done  to  investigate  the  state  in  an  intense  near  infrared 
(IR)  light  field.  Excitation  to  the  B’E^"^(v  =  3,J)  rotational  levels  in  intense  1064  nm 
Nd:YAG  laser  pulses  which  have  approximatly  the  same  pulse  duration  as  the  VUV 
pulses  allows  to  study  linewidths  and  shapes  of  individual  rotational  lines  of  the  B’S^""  - 
(3,0)  band.  An  intensity  dependent  line  broadening  by  decay  of  the  excited  states 
and  by  the  AC-Stark  effect  in  the  strong  IR  laser  field  is  found  and  analysed.  The  total 

and  ion  yields  measured  give  rise  to  dissociation  fractions  which  saturate  as  a 
function  of  the  IR  light  intensity  at  different  levels  depending  on  the  B’E„^(v  =  3,J) 
rotational  state.  photoion  kinetic  energy  distributions  taken  for  IR  laser  intensities  up 
to  about  10’^  W/cm^  show  a  single  narrow  peak  located  at  -0.3  eV  kinetic  energy.  The 
shape  and  width  of  this  peak  do  not  depend  on  the  specific  B’Z„^(v  =  3,J)  rotational  state 
and  on  light  intensity  up  to  10’^  W/cm^.  There  are  two  possible  lowest  order  pathways 
which  both  may  contribute  to  this  peak,  either  6-photon  ionization  of  H2  from  B’I/(v  = 
3,J)  or  3-photon  dissociation  of  H2  to  H(ls)  +  H(21)  with  subsequent  3-photon 
photoionization  of  the  excited  dissociation  product  H(21).  Both  processes  result  in  ions 
with  similar  kinetic  energies  which  we  cannot  resolve  with  the  presently  poor  energy 
resolution  of  our  experimental  setup. 
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The  recently  developed  plasma  waveguide  has  achieved  one  of  the  major  goals 
in  intense  laser-matter  interaction  physics,  that  of  a  large  intensity  -  interaction  length 
product.^  Applications  such  as  highly  nonperturbative  nonlinear  optics  and  high 
harmonics  generation^  soft  x-ray  laser  development^,  and  laser-driven  electron 
accelerators'*  would  benefit  from  a  large  laser-plasma  interaction  length.  Important  to 
all  these  applications  is  knowledge  of  the  time  and  space  dependent  electron  density 
profile  forming  the  waveguide.  We  present  interferometer  measurements  of  the  density 
development  of  a  laser  produced  plasma  waveguide  during  its  initial  formation  as  well 
as  its  later  evolution  during  which  a  second  pulse  has  been  guided  over  many  Rayleigh 
lengths. 

The  time  and  space-resolved  density  profiles  of  this  experiment  are  determined 
using  a  folded  wave  interferometer  in  a  pump-probe  configuration.  The  pump  pulse 
(1.064pm,  loops  width,  up  to  500mJ)  from  a  Nd:YAG  regenerative/power  amplifier 
system  generates  the  plasma  waveguide  at  the  ~1  cm  long  focus  of  a  35°  base  angle 
axicon,  with  intensities  of  ~5  x  10^^  W/cm^.  A  synchronous  probe  pulse  (0.532pm, 
70ps  width,  -lOOpJ,  ~lcm  diameter)  with  an  adjustable  delay  (-1  to  11ns)  is  directed 

_ transversely  through  the  plasma 


waveguide.  The  probe  beam  picks  up  a 
phase  shift  as  a  function  of  vertical 
position  in  the  plasma,  whose  overall 
diameter  is  no  greater  than  ~200pm  for 
the  delays  used  here.  Most  of  the  probe 
beam  is  not  phase  shifted  and  can  be 
used  as  a  phase  reference  in  the 
interferometer,  which  consists  of  an 
optical  quality  BK7  glass  wedge,  a 
matched  two  lens  imaging  system,  and  a 
50  100  150  200  250  300  fliicroscope  objective  producing  a  net 

axial  position  (mn)  ^  •' 

magmfication  of  23X. 

Figure  1:  Interferogram  data  using  532  nm  The  high  degree  of  axial  and 

probe  at  a  delay  of  5  ns  showing  the  central  300  radial  symmetry  of  the  waveguides 

pm  of  a  waveguide  formed  in  a  230/20  torr  produced  is  evident  in  the  sample 

AxrSiO  sas  mixture.  interferogram  of  figure  1.  The  top  and 

bottom  regions  of  the  image  show  the  portions  of  the  probe  without  phase  disturbance 
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by  the  plasma,  with  a  fringe  pattern  due  to  the  wedge  alone.  The  phase  shift  imposed 


Figure  2:  Density  (10‘®  cm'^  vs.  Radius  (pm):  Electron  density  profiles  obtained  from  Abel 
inverting  phase  data  for  230/20  torr  Ar/N20  gas  mixture,  (a)  -  t=-80  s,  —  t=-10  ps,  -•  t=50 
ps,  ••  t=180ps  (b)  -  t=0.3ns,  -  t=0.5  ns,  -  t=1.2ns,-  t=2.0ns  (c)  -  t=3.2ns,  -  t=4.0ns, 
-  t=5.7  ns,  ••  t=8.1  ns,  -  t=9.7  ns,  -  t=11.0  ns. 


*2(*) 

as  a  function  of  vertical  distance  x  in  the  plasma  is  given  by  f  fK.s,x)ds 

*i(*) 

where  ko-2jtlk  is  the  vacuum  wavenumber  of  the  probe,  Si(x)  and  S2(x)  are  the  plasma 

entrance  and  exit  positions  of  the  horizontal  chord  through  x,  and  n  =  1  -  gives 

the  index  of  refraction  n,  where  is  the  plasma  frequency,  and  cuis  the  probe 

frequency.  The  phase  is  extracted  from  the  interferograms  using  fast  fourier  transform 

techniques.^  Obtaining  the  electron  density  is  then  reduced  to  the  well  known  Abel 

problem  for  a  cylindrically  symmetric  object  from  which  chordally  integrated 

information  is  known.®  Figure  2  shows  the  electron  density  development  for  a  plasma 

produced  in  a  background  gas  mixture  of  230  torr  Ar  and  20  torr  N2O.  The 

experimental  uncertainty  is  due  mostly  to  the  calibration  of  the  magnification  of  our 

lens  system  and  is  measured  to  be  ~4%.  The  data  confirms  the  general  features  of 

channel  formation  predicted  by  our  calculations  and  suggested  by  our  guiding 

experiments.^  ’  Figure  2a  shows  a  peak  density  Ne»6xl0^’  cm corresponding  to  an 

average  argon  ionization  level  of  Z»6  estimated  from  the  measured  fill  pressure.  The 

appearance  of  this  level  of  ionization  in  Ar,  and  also  Z«5-6  in  N2O  plasma  is  consistent 

0 

with  our  observed  strong  spectroscopic  appearance  of  the  O  3d-2p  173  A  line.  The 
onset  of  shock  development  and  the  on-axis  electron  density  minimum  is  seen  in  figure 
2b.  Note  the  density  minimum  develops  within  approximately  1  ns,  consistent  with 
earlier  experiments  showing  leaky  guiding  at  this  delay  The  sequence  in  figure  3c 
shows  the  slowing  of  the  expansion  and  flattening  of  the  central  density. 

Measurements  of  the  shock  position  vs.  time  have  shown  that  after  an  initial 
rapid  expansion  and  cooling  period  (Te  dropping  from  ~100  eV  to  ~20  eV  within  ~400 
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ps),  the  shock  expands  with  an  dependence  in  good  agreement  with  the  expression 
for  self-similar  expansion  of  a  cylindrical  blast  wave®,  where  expansion  is  due  to 
pressure  work  alone.  The  initial  thermal  energy  per  unit  length  driving  this  phase  of  the 
expansion  is  measured  to  be  around  1%  of  pump  energy  for  various  initial  conditions, 
which  is  significantly  lower  than  would  be  expected  from  our  measured  pump 
absorption  fractions  of  ~10  - 15%.  This  indicates  a  rapid  cooling  has  already  taken 
place  at  earlier  times,  within  a  few  hundred  picoseconds  of  the  pump  pulse. 

A  sub-100  fs  CPA 
Ti:Sapphire  laser  system  has 
recently  been  synchronized  with 
the  plasma  waveguide 
producing  Nd:YAG  laser 
system  described  above.  Figure 
3  shows  the  output  mode  of  a 
guided  80  fe  pulse  imaged  onto 
a  CCD  camera.  Plasma  density 
profiles  of  the  end  of  the 
waveguide  have  also  been 
measured  using  interferometry 
methods.  These  measurements 
are  of  importance  to  the  actual 
coupling  of  a  pulse  to  the 
waveguide. 

The  results  presented 
here  demonstrate  the  ability  of  a 
single  shot  interferometer  to  extract  high  resolution  density  profiles  for  the  relatively 
smaller  phase  shifts  of  gas  target  laser  plasmas.  They  verify  many  of  the  previously 
assumed  or  inferred  parameters  of  the  plasma  waveguide,  including  the  channel 
formation  dynamics  and  evolution,  the  approximate  ionization  level,  the  uniformity 
along  the  axis,  and  the  electron  density  structure  near  the  input/output  coupling  region 
at  the  end  of  the  waveguide. 
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Figure  3:  Output  mode  of  an  80  fs  pulse  from  a  CPA 
Ti:  Sapphire  laser  system  guided  by  a  plasma 
waveguide  formed  in  100  torr  N2O.  The  spot  size  is 
measured  to  be  50um  FWHM. 
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Due  to  recent  advances  in  laser  technology,  there  is  much  current  interest  in  the  interactions 
of  high-intensity  and  ultrashort-duration  laser  pulses  with  plasmas.  Applications  include  advanced 
fusion  energy,  x-ray  lasers,  and  ultrahigh-gradient  electron  accelerators.  In  the  latter  case,  the  field 
gradient  of  a  laser-driven  plasma  wave  has  recently  been  demonstrated  to  exceed  that  of  an  RF  linac 
by  four  orders-of-magnitude  {E  >  200  GV /m)  and  has  been  used  to  accelerate  electrons  with  over 
1-nC  of  charge  per  bunch  in  a  low-emittance  beam  (1  mm-mrad)  [1].  However,  in  the  absense  of 
some  form  of  light  guiding,  the  acceleration  distance  is  limited  by  diffraction  to  the  Rayleigh  range. 
We  report  experimental  results  that  demonstrate  for  the  first  time  that  relativistic  self-guiding  can 
significantly  extend  the  distance  over  which  electrons  can  be  accelerated  by  a  laser  wakefield. 

When  a  laser  propagates  through  a  plasma,  the  index  of  refraction,  n  =  (1  -  depends 

on  the  laser  frequency,  Uo,  and  the  plasma  frequency,  u>p.  For  low  laser  power,  the  index  is  essentially 
constant;  however,  for  higher  laser  power,  the  index  varies  with  the  radius,  since  the  laser  intensity 
varies  with  radius  and  the  plasma  frequency  changes  with  the  relativistic  mass  factor.  The  plasma 
can  then  act  as  a  positive  lens,  relativistically  self-focusing  and,  under  certain  conditions,  guiding 
the  laser  pulse.  This  effect  has  been  shown  to  have  a  power  threshold  given  by  Pc  =  16.5(Wo/^p) 
[GW].  These  transverse  effects  can  also  lead  to  focusing  and  defocusing  of  different  sections  of  the 
laser  pulse  [2],  temporally  modulating  the  laser  pulse  and  driving  an  electrostatic  wakefield  that 
propagates  with  the  laser  pulse  at  at  nearly  the  speed  of  light,  which  can  trap  and  accelerate  hot 
electrons. 

In  our  experiment,  laser- wakefield  acceleration  of  a  space-charge- limited  low-emittance  beam  of 
MeV  electrons  (1  nC  charge),  and  self-modulation  of  the  laser  light  are  both  observed  to  appear 
at  Pc,  the  critical  power  threshold  [1].  A  similar  correlation  was  found  in  the  1960 ’s  between  the 
onset  of  conventional  molecular  Raman  scattering  and  the  threshold  for  self-focusing  due  to  the 
nonlinear  atomic  susceptibility.  Furthermore,  sidescattering  indicates  that  the  laser  was  guided  by 
a  relativistically  self-focused  channel,  which  extended  a  distance  equal  to  four  times  the  Rayleigh 
range  (limited  only  by  the  length  of  the  gas  jet).  Self-guiding  was  correlated  with  higher  electron 
energy  and  lower  electron  beam  emittance. 

In  this  experiment,  we  utilized  a  hybrid  Ti:sapphire-Nd:glass  laser  system  based  on  chirped- 
pulse-amplification  that  produces  3  J,  400  fs  pulses  at  1.053  pm.  The  43  mm  diameter  beam  was 
focused  with  an  f/4  off-axis  parabolic  mirror  to  =  8.5  pm  (l/e^),  corresponding  to  vacuum 
intensities  exceeding  4  X  10^®  W/cm^.  This  pulse  was  focused  onto  a  supersonic  heUum  gas  jet 
with  a  sharp  gradient  (250  /im)  and  a  long  flat-topped  interaction  region  (750  pm).  The  maximum 
density  varies  linearly  with  backing  pressure  up  to  the  maximum  backing  pressure  of  1000  PSI,  and 
an  underdense  plasma  at  3.6  X  10^®  cm"®  is  formed  by  the  foot  of  the  laser  pulse  tunnel-ionizing  the 
gas.  This  plasma  density  corresponds  to  a  critical  power  of  Pc  =  470  GW.  The  sharp  gradient  and 
long  interaction  region  are  found  to  be  essential  for  producing  an  electron  beam  and  for  self-guiding 
to  occur. 

The  existence  of  a  large  amplitude  plasma  wave  was  inferred  by  observing  a  highly  modulated 
forward  Raman  scattered  spectrum  with  up  to  the  4th  anti-Stokes  side-band  visible  [1].  The  onset  of 
the  Raman  scattering  occurred  at  0.5Pc  [1]  which  is  consistent  with  theoretical  onset  of  3D  Raman 
scattering  [2].  The  absolute  plasma  wave  amplitude  was  measured  using  a  coUinear  collective 
Thomson  scattering  probe  that  was  split  off  from  the  main  pulse  after  the  compressor  stage.  This 
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Figure  1;  On-axis  images  (left)  and  corresponding  lineouts  (right)  of  sidescattered  light  at  various 
laser  powers  and  a  fixed  initial  electron  density  of  3.6  X  10^^  cm“^.  The  various  images  and  lineouts 
represent  laser  powers  of  P/Pc  =  (a)  1.6,  (b)  2.6,  (c)  3.9,  (d)  5.5,  (e)  7.2,  (f)  8.4,  and  (g)  9.1.  Note; 
the  curves  have  been  displaced  vertically  for  ease  of  viewing. 


pulse  was  frequency-doubled  by  a  type  I  KDP  crystal  and  then  recombined  with  the  main  pulse. 
By  measuring  the  spectrum  of  the  scattered  probe  bght,  we  found  [3]  that  the  plasma  wave  lasts 
for  approximately  1.5  ps  (FWHM),  and  the  spatial  averaged  peak  plasma  wave  amplitude  varies 
from  Sue/ue  =  0.1  —  0.4  at  laser  powers  of  2-3  TW. 

In  order  to  diagnose  the  spatial  extent  of  the  plasma,  a  sidescattering  imaging  system  consisting 
of  relay  optics,  various  filters,  and  a  12-bit  CCD  with  a  spatial  resolution  of  15  nm  was  utilized.  We 
were  able  to  resolve  the  growth  of  the  plasma  channel  as  a  function  of  both  laser  power  and  plasma 
density.  Fig.  1  shows  the  sidescattered  intensity  distribution  as  a  function  of  laser  power,  and  the 
plasma  channel  clearly  extends  as  the  laser  power  increases.  In  the  lower  power  cases  (<  2.6Pc),  the 
channel  length  is  only  ~  125  /im,  which  is  smaller  than  the  confocal  parameter  {2Zr)  of  430  ;im. 
As  the  laser  power  increases  for  a  fixed  gas  density,  the  channel  length  first  jumps  to  250  /rm  at 
3.9Pc  and  then  reaches  750  fim  at  7.2Pc.  The  maximum  channel  length  was  observed  to  be  850  fim 
at  9.1Pc-  Note  this  is  limited  by  the  interaction  length  of  the  gas  jet.  At  5.5Pc,  the  sidescattered 
image  formed  has  two  distinct  foci,  and  when  the  power  exceeds  7.2Pc,  multiple  foci  or  a  channel 
are  observed,  depending  on  shot-to-shot  fluctuations  and  the  gas  jet  position.  A  similar  channel 
extension  occurs  if  the  gas  density  is  varied  at  fixed  laser  power.  For  a  3.9  TW  laser  pulse,  the 
channel  extends  to  250  //m  at  400  PSI  backing  pressure  (1.4  x  10^^  cm“^,  3.2Pc)  and  750  iJ,m  at 
800  PSI  (2.9  X  10^®  cm“^,  7.0Pc).  The  consistent  behavior  at  specific  values  of  Pc  for  varying  laser 
power  or  plasma  density  indicates  that  the  channeling  mechanism  is  relativistic  self-focusing. 

The  total  number  of  accelerated  electrons  was  measured  using  both  a  Faraday  cup  and  a  plastic 
scintillator  coupled  to  a  photomultiplier  tube,  and  the  results  were  found  to  be  consistent  with 
each  other.  There  is  a  sharp  threshold  for  electron  production  at  ~  1.5Pc,  and  the  total  number  of 
electrons  increases  exponentially  and  finally  saturates  beyond  4Pc  [1].  At  6Pc,  6  x  10®  accelerated 
electrons  were  measured  coming  out  of  the  plasma  in  a  beam.  The  electron  energy  spectrum  (see 
Fig.  2)  was  measured  using  a  60°  sector  dipole  magnet  by  imaging  a  LANEX  scintillating  screen 
with  a  CCD  camera.  By  using  aluminum  absorbers,  we  determined  that  50%  of  the  electrons 
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Figure  2:  Normalized  electron  kinetic  energy  spectrum  as  a  function  of  laser  power  at  fixed  electron 
density,  (left)  Electron  beam  divergence  as  a  function  of  laser  power,  (right) 


detected  have  energy  greater  than  1  MeV  which  corresponds  to  0.5  mJ  of  energy  being  transferred 
to  the  electron  beam.  The  normalized  distribution  is  found  to  have  a  functional  form  of  exp(-a7) 
where  a  is  a  fitting  parameter.  In  the  low  power  case  (<  OPc,  no  channeling),  the  normalized 
distribution  follows  exp('-7),  and  when  the  laser  power  increases  (>  6Pc,  with  channeling),  the 
electron  energy  distribution  discretely  jumps  to  follow  exp(-0.677).  Even  though  the  plasma  wave 
amplitude  increases  as  the  laser  power  increases,  the  distribution  only  dramatically  changes  when 
self-guiding  occurs. 

The  electron  beam  profile  was  measured  using  a  LANEX  scintillating  screen  imaged  by  a  CCD 
camera  [1].  The  LANEX  is  placed  behind  an  aluminum  sheet  which  blocks  the  laser  light,  so  only 
electrons  greater  than  100  keV  can  be  imaged.  Analysis  of  the  electron  spectrum  indicates  that  the 
bulk  of  the  electrons  that  create  an  image  on  the  screen  are  in  the  100  keV  to  3  MeV  range.  We 
have  found,  using  aluminum  absorbers,  that  the  electron  divergence  does  not  depend  on  electron 
energy  in  this  range.  At  low  power  (<  5Pc),  the  electron  beam  has  a  Gaussian-like  profile  with  a  10^ 
radius  at  half-maximum  (see  Fig.  2).  As  the  laser  power  increases  and  the  plasma  channel  length 
increases  to  250  //m  ,  a  second  peak  seems  to  grow  out  of  the  low-power  profile.  Ultimately  at 
the  highest  laser  powers  and  longest  channel  lengths,  the  divergence  decreases  to  5®,  and  the  profile 
becomes  more  Lorentzian-like.  The  electron  beam  divergence  should  decrease  as  the  energy  of  the 
electrons  increase  since  space  charge  will  be  less  and  the  relative  transverse  momentum  decreases 
due  to  the  longer  accelerating  length. 
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Because  electrostatic  fields  in  a  plasma  wave  {E  >  100  GV/m)  can  exceed  by  three  orders 
of  magnitude  those  in  conventional  RF  linacs,  plasma  based  accelerators  can  potentially  offer  a 
compact  method  for  accelerating  high  energy  electrons.  Of  the  several  methods  for  driving  large 
amplitude  plasma  waves,  the  laser  wakefield  accelerator  (LWFA)  and  its  variant,  the  self-modulated 
LWFA,  have  recently  received  considerable  attention  because  of  the  reduction  in  size  of  the  terawatt 
class  laser  systems  needed  to  drive  the  wakefield  [1].  In  this  paper,  we  demonstrate  all  optical 
techniques  based  on  frequency  domain  interferometry  [2]  and  forward,  collective  Thomson  scattering 
[3]  for  temporal  characterization  of  the  plasma  wakefield.  The  ability  to  measure  the  plasma 
wake  temporal  structure  is  of  fundamental  importance  for  a  number  of  issues,  including:  wakefield 
generation  by  optimized  pulse  trains,  the  design  of  particle  injectors  synchronized  to  the  wakefield 
on  a  femtosecond  time  scale,  and  the  growth  dynamics  of  plasma  wave  instabilities. 

In  the  standard  LWFA,  the  amplitude  a  =  Sn^fng  of  the  plasma  wave  can  be  resonantly  excited 
by  the  ponderomotive  force  of  an  intense  laser  pulse  if  the  laser  pulse  duration  is  approximately  half 
of  the  plasma  wave  period  Tp  =  2ff/a;p,  where  ujp  =  is  the  electron  plasma  frequency 

and  Tie  is  the  plasma  density.  To  diagnose  the  resonantly  driven  wakefield  by  frequency  domain 
interferometry,  a  Ti:Sapphire  laser  system  based  on  chirped  pulse  amplification  and  capable  of 
delivering  20  mJ,  100  fs,  laser  pulses  at  30  Hz  and  A  =  0.8/im  was  used  to  generate  orthogonally 
polarized  pump  and  probe  pulses  for  the  experiment.  Probe  pulses  produced  from  a  Michelson 
interferometer  propagated  in  front  of  and  behind  the  pump  pulse  and  the  delay  of  the  pump  pulse 
was  varied  relative  to  the  two  probe  pulses.  The  probe  pulse  sequence  produces  a  frequency  domain 
interferogram  whose  phase  shifts,  relative  to  a  reference  frequency  domain  interferogram,  due  to  the 
plasma  wakefield  oscillations.  For  a  peak  pump  pulse  intensity  of  2  x  10^^  W/cm^  in  4.8  (2.7)  Torr 
helium.  Fig.  1  shows  the  measured  phase  shifts  extracted  from  the  interferograms  oscillating  with  a 
period  of220±25/s  (270±10/s)  and  an  amplitude  of  0.007  rad  (0.005  rad).  Under  these  conditions, 
we  detect  wakefield  oscillations  3-5  (4-5)  cycles  behind  the  pump  pulse.  From  the  amplitude  of  the 
phase  modulation  in  Fig.  1,  we  determine  that  the  amplitude  of  the  wakefield  oscillatio'n  is  at  least 
a  =  0.8.  The  peak  longitudinal  electric  field  is  estimated  as  ~  10  GV/m. 

To  help  explain  the  details  of  the  experimental  results,  numerical  simulations  were  performed 
with  a  two-dimensional,  fully  relativistic,  cold  fluid  model.  In  this  model,  a  Gaussian  shaped  laser 
pulse  propagates  through  a  preformed  plasma  where  the  plasma  wavelength  Ap  is  approximately 
equal  to  the  Rayleigh  range  of  the  focused  laser  pulse.  The  simulations  indicate  the  excitation  of 
nonlinear  plasma  waves  near  the  focus  with  significant  density  peaking  and  a  peak  Sngfne  ~  5.  This 
amplitude  is  much  larger  than  a  simple  one  dimensional  estimation  of  the  laser  plasma  interaction 
due  to  the  fact  that  the  radial  component  of  the  ponderomotive  force  is  order  ten  times  larger  than 
the  axial  component.  The  simulations  also  confirm  the  existence  of  wakefield  oscillations  for  at 
least  five  cycles  after  the  pump  pulse. 
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Fig.  1.  Measured  wakefield  oscillations  in  helium. 
For  the  4.8  Torr  data,  the  two  probe  pulses  are 
separated  by  2.2  ps  about  the  pump,  while  in  the 
2.7  Torr  data  (offset  from  zero  and  shifted  by  >400 
fs)  the  probes  trail  the  pump  with  415  fs  separa¬ 
tion.  For  the  4.8  (2.7)  Torr  data,  10  (9)  mJ  of  en¬ 
ergy  was  focused  with  an  e“^  radius  of  3.6  (5.0)  //m. 
The  solid  lines  show  the  calculated  phase  shift  due 
to  the  wakefield  oscillations,  while  the  top  line  of 
data  shows  the  noise  level  for  a  scan  in  an  evacu¬ 
ated  chamber. 


Fig.  2.  Two  dimensional  (r,  z)  numerical  simula¬ 
tion  of  wakefield  oscillations  Srie/ne  corresponding 
to  =  10  mJ,  3.6//m  spot  radius,  r  =  100  fs, 
Tie  =  3  X  lO^^cm"^.  The  figure  shows  the  electron 
density  oscillations  within  the  confocal  parameter 
of  the  tightly  focused  beam  and  in  the  moving 
frame  of  the  pump  pulse  (centered  at  z  =  lll^m 
and  moving  in  the  positive  z  direction,  but  not 
shown).  The  heavy  line  represents  the  e~^  contour 
of  the  laser  focus. 


For  the  self-modulated  LWFA,  the  plasma  density  is  chosen  to  be  much  larger  than  for  the  stan¬ 
dard  LWFA  so  that  the  forward  Raman  scattering  (FRS)  instability  can  grow.  Since  the  maximum 
longitudinal  electric  field  E  scales  djs  E  oc.  the  self-modulated  wakefield  can  produce  a  much 

larger  accelerating  field  than  the  standard  LWFA.  In  a  separate  set  of  experiments  experiments,  a 
hybrid  Ti:Sapphire  -  Nd:Glass  laser  system  capable  of  delivering  3  J,  400  fs  laser  pulses  was  used  to 
drive  the  self  modulated  LWFA.  The  laser  was  focused  onto  a  supersonic  helium  gas  jet  whose  neu¬ 
tral  density  varied  linearly  with  backing  pressure.  To  probe  the  lifetime  of  the  plasma  wave,  a  small 
portion  (20%)  of  the  infrared  laser  pulse  was  split  off,  frequency  doubled  in  a  4  mm  Type  I  KDP 
crystal,  and  then  made  to  co-propagate  with  the  infrared  pump  pulse.  Forward  scattered  light  from 
the  probe  pulse  was  collected  on  axis,  passed  through  a  polarizer  to  suppress  scattered  pump  light, 
and  measured  with  a  prism  spectrometer.  When  the  peak  power  of  the  IR  pump  pulse  (P  >  1  TW) 
is  near  the  critical  power  for  relativistic  self-focusing  Pc  =  17(a;2/cj2)  QW,  the  forward  scattered 
light  from  the  pump  pulse  shows  the  appearance  of  three  anti-Stokes  Raman  shifted  side  bands 
separated  by  the  plasma  frequency  (wp  ~  3x  10^^  s~^).  Under  these  conditions(  I  ~  10^®  W/cm^), 
a  collimated  beam  of  2  MeV  electrons  with  a  transverse  emittance  of  1  mm  mrad  is  emitted  in  the 
laser  propagation  direction  [4]. 

When  the  green  probe  pulse  propagates  through  the  plasma,  collective  Thomson  scattering 
from  the  relativistic  plasma  wave  causes  multiple  side  bands  to  appear  in  the  spectrum  of  the 
forward  scattered  probe  light.  For  P  =  3  TW  and  a  backing  pressure  of  100  psi.  Fig.  2a  shows 
the  appearance  of  first  and  second  order  Thomson  scattered  satellites  which  are  separated  by  the 
plasma  frequency  Wp  =  2.7  X  10^^  s“L  The  amplitude  of  the  plasma  wave  determined  from  both 
the  absolute  (a  =  0.08)  and  relative  scattering  efficiency  (o;  =  0.1)  of  the  first  order  Thomson  side 
bands  are  in  reasonable  agreement.  From  the  second  order  satellites,  the  amplitude  of  the  second 
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Figure  1:  a)  Spectrum  of  the  Thomson  scattered  probe  light  for  a  helium  backing  pressure  of  100 
psi,  Fpump—  3  TW,  and  At—0.  b)  Amplitude  of  the  plasma  wave  determined  from  the  scattering 
efficiency  of  the  Stokes  (filled  squares)  and  anthStokes  (open  circles)  satellites  as  a  function  of  delay 
for  a  helium  backing  pressure  of  180  psi.  The  dotted  line  indicates  the  1.5  TW,  400  fs  pump  pulse. 

harmonic  of  the  plasma  wave  is  5n2/n=0,01. 

By  measuring  Thomson  scattering  from  the  probe  pulse  as  a  function  of  the  delay  between  the 
pump  and  probe,  the  temporal  envelope  of  the  wakefield  oscillations  can  be  recorded.  Fig.  2b 
shows  the  plasma  wave  amplitude  as  function  of  the  probe  delay  time  for  a  helium  backing  pressure 
of  180  psi.  The  plasma  wave  is  measured  to  have  a  peak  amplitude  a  ~  0.1,  which  corresponds  to 
a  maximum  longitudinal  field  of  £*  =  56  GV/m  for  a  cold,  nonrelativistic  fluid.  Under  the  current 
tight  focusing  conditions,  the  maximum  radial  electric  field  is  Er  =  2Ez/kpro  =  0.2£'^.  Fig.  2b 
shows  that  the  wakefield  amplitude  maximizes  at  the  end  of  the  pump  pulse  (A^  =  300±100  fs)  and 
lasts  for  approximately  2  ps  longer.  Note  that  the  probe  pulse  duration  (~  300  fs)  is  much  longer 
than  the  plasma  period  (rp=21  fs  for  ng  =  3  X  10^^  cm“^)  in  the  present  experiment.  Therefore, 
we  do  not  resolve  individual  wakefield  oscillations  as  was  the  case  with  the  previous  experiments 
using  frequency  domain  interferometry  [2]. 

The  measured  exponential  rise  time  (4.0  ps”^)  of  the  self-modulated  wakefield  is  in  agreement 
with  that  expected  from  the  growth  of  the  FRS  instability.  The  onset  of  FRS  is  coincident  the 
development  of  an  ionization-induced  blueshifted  spectral  wing  on  the  probe  pulse,  suggesting  that 
the  FRS  is  seeded  by  a  ionization  front  noise  source  [5].  The  decay  of  the  wakefield  is  caused  by 
the  conversion  of  collective  plasma  wave  energy  into  particle  energy.  Since  the  total  energy  of  the 
accelerated  electron  beam  is  approximately  equal  to  the  energy  in  the  plasma  wave,  the  measured 
exponential  decay  of  the  wakefield  (1.9  ps”^)  is  consistent  with  nonlinear  Landau  damping  of 
trapped  electrons  or  beam  loading  of  the  plasma  wave. 

References 

1.  For  a  recent  review  see  E.  Esarey  et  a/.,  IEEE.  Trans,  on  Plasma  Sci.  24,  252  (1996). 

2.  C.  W.  Siders  et  a/.,  Phys.  Rev.  Lett.  76,  3570  (1996);  J.  R.  Marques  et  a/.,  ibid.,  3566  (1996). 

3.  S.  P.  LeBlanc  et  a/.,  submitted  to  Phys.  Rev.  Lett.  ;  C.  1.  Moore  et  al.^  Bull.  Am.  Phys.  Soc. 
40,  1797  (1995). 

4.  D.  Umstadter  et  a/.,  Science  273,  472  (1996). 

5.  C.  D.  Decker  et  a/.,  Phys.  Plasmas  3,  1360  (1996). 


SaA4-l/243 


Research  in  Laser  Acceleration  at  LLNL 


C.A.  Back^  H.A.  Baldis^  T.E.  Cowan^*,  R.R.  Freeman^  A.  Friedman^  D.P.  Grote^ 
C.A.  Hagmann^,  F.  Hartemann^,  J.P.  Heritage^,  CJ.  Jackson^,  A.K.  Kennan^, 

B.  Kolner^,  W.L.  Kruer^,  A.B.  Langdon^  G.  Le  Sage^^,  N.C.  Lubmann^, 

MJ.  Muggei,  M.D.  Perryi,  T.W.  Phillips^,  W.M.  Sharps  A.L.  Troha^, 

K.  van  Bibberi,  W.E.  Whited  S.C.  Wilksi,  J.G.  Woodworth^ 


Laser  acceleration  holds  out  the  prospect  of  very  high  gradient  machines.  High  energy  physics 
will  ultimately  need  such  a  technological  leap  to  keep  energy-frontier  research  (E  »  1  TeV) 
within  the  realm  of  practicality.  Compact  high-brightness  GeV-sources  would  have  broad 
applicability  in  science,  industry  and  defense.  Both  vacuum-  and  plasma-based  concepts  for 
laser  acceleration  promise  gradients  of  G  >  1  GeV/meter,  which  has  already  been  borne  out 
experimentally  in  the  latter  case.  However,  there  is  no  idea  at  present  how  to  build  a  real 
accelerator  based  on  any  such  scheme  (i.e.  a  design  which  is  stageable  to  high  energies, 
producing  a  monochromatic,  high  current,  low-emittance  beam). 

An  effort  has  begun  at  Lawrence  Livermore  National  Laboratory  to  examine  the  issues  of 
practical  laser-driven  acceleration  of  electrons.  Initially  the  program  will  emphasize  basic 
science,  but  evolve  towards  identification  and  development  of  one  or  more  concepts  most 
promising  with  regards  to  scalability,  and  result  in  systems  studies  and  key  demonstrations. 
Discussed  briefly  below  are  our  plans  for  initial  experiments,  and  the  advanced  accelerator 
facility  to  be  built  up  at  the  LLNL  electron  linac. 

Experiments  in  1997  will  be  carried  out  at  the  Ultra-Short  Pulse  (USP)  laser  facility  on  laser- 
electron  interactions  in  a  vacuum.  These  include  non-linear  Compton  scattering  and 
ponderomotive  acceleration,  utilizing  the  USP  laser  and  free-space  electrons  from  a  low-energy 
gun  (~20  keV).  The  Compton  scattering  experiment  should  observe  the  fragmentation  of  the 
Compton  scattering  peak  into  a  spectrum  (or  broad  envelope)  as  the  laser  strength  parameter,  ao 
is  increased.  The  heart  of  the  USP  facility  is  a  10  TW  Ti:Sapphire  laser  (>1J,  100  fs)  with  a 
well-characterized  Gaussian  beam.  Also  planned  are  the  first  survey  experiments  of  energetic 
electron  production  from  gas  jet  and  solid  targets  using  the  recently  commissioned  1.25  PW  laser 
(600J,  400  fs).  Measurements  of  the  electron  spectrum  in  the  forward  direction  could  see 
electrons  in  the  several  hundred  MeV  range. 
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In  the  longer  term,  we  will  establish  a  test-bed  for  laser  acceleration  at  the  existing  100  MeV 
electron  linac  on  site.  Presently  under  construction  are  both  an  X-band  RF  photocathode  gun 
(8.56  GHz)  for  the  linac  injector  (UC  Davis),  and  a  glass-pumped  1(X)  TW  Ti:Sapphire  laser  (5J, 
50  fs).  The  experimental  program  will  be  oriented  towards  measurements  of  channel  formation, 
optical  propagation  and  acceleration  in  plasma  channels,  as  well  as  testing  of  free-wave  concepts. 
There  will  be  an  active  theory  and  modeling  effort  in  parallel  with  the  experimental  activities.  A 
specific  intent  in  setting  up  the  facility  is  to  create  the  opportunities  for  collaborative  work  with 
other  laboratories  and  universities  in  laser  acceleration. 
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Ultrahigh  Peak  Power  Lasers  in  the  10-fs  Regime 

C.  P,  J.  Barty  (a),  T.  Guo  (b),  C.  LeBlanc  (d),  F.  Raksi  (b),C.  Rose-Petruck  (b),  J.  Squier  (c), 

B.  Walker  (b),K.  R.  Wilson  (b),  V.  V.  Yakovlev  (b),  K.  Yamakawa  (e) 

(a)  Institute  for  Nonlinear  Science,  (b)  Department  of  Chemistry  and  Biochemistry, 

(c)  Department  of  Electrical  and  Computer  Engineering, 

University  of  California,  San  Diego, Urey  Hall  Addition  3050  G,  La  Jolla,  CA  92093-0339 
Phone:  (619)-534-2417  Fax:  (619)-534-7654 

(d)  ENSTA-LOA,Batterie  de  I'Yvette,  91120  Palaisea,  France 

(e)  Japan  Atomic  Energy  Research  Institute,Tokai-mura,  Naka-gun,  Ibaraki  319-1 1,  Japan 

We  review  the  evolution  of  chirped  pulse  amplification  into  the  10-fs  regime.  This  evolution  has  been 
made  possible  by  the  advent  of  ultrabroadband  amplification  media  such  as  Tiisapphire,  the  development  of  sub- 10- 
fs  laser  Kerr-lens-modelocked  oscillators  [1,  2]  to  provide  stable  and  reliable  seed  pulses  for  amplification  and  the 
implementation  of  new  technologies  and  strategies  to  minimize  or  circumvent  gain  narrowing  and  higher  order 
phase  distortions  during  amplification.  As  an  example,  a  three  stage,  multi-output,  laser  system,  at  the  University  of 
California  at  San  Diego  will  be  described.  This  system  is  designed  to  produce  >  1-J  pulses  of  ^-IS-fs  duration  at  a 
10-Hz  repetition.  After  two  stages  of  amplification,  18-fs,  4-TW  pulses  have  been  produced  at  a  repetition  rate  of 
50  Hz  and  an  average  power  >  4  W.[3]  To  our  knowledge,  these  are  the  shortest  duration  terawatt  pulses  yet 
produced  by  a  chirped  pulse  amplification  system.  Pulses  at  this  level  have  been  used  at  UCSD  to  produce  ultrafast 
x-rays  (both  broadband  and  K(x  radiation)  for  use  in  ultrafast  diffraction  studies  of  molecular  dissociation,  ultrafast 
near  edge  absorption  studies  of  molecular  dynamics,  and  time-gated  x-ray  mammography  and  angiography.  Full 
system  amplification  at  a  10  Hz  repetition  rate  to  energies  of  approximately  2  J  before  compression  has  also  been 
demonstrated  and  transform  limited  pulses  of  ~20  fs  have  been  measured.  These  pulses  will  be  used  for 
investigations  of  high  field  phenomena  in  the  highly  relativistic  regime  (i.e.  at  intensities  >  10^^  W/cm^),  charged 
particle  acceleration  relevant  to  laser  driven  nuclear  fusion  and  hard  x-ray  lasers.  Further  optimization  of  both 
intermediate  and  full  level  amplified  outputs  which  to  date  have  been  limited  to  amplified  bandwidths  of  ~  70  nm  is 
currently  underway  and  should  result  in  compressed  pulse  durations  of  <15-fs  and  peak  powers  of  >  70  TW. 

Efficiency  and  fidelity  in  ultrashort  pulse,  chirped  pulse  amplification  are  limited  primarily  by  two 
concerns;  1)  control  of  higher  order  phase  distortion  and  2)  gain  narrowing  during  amplification.  We  have 
addressed  these  problems  with  an  optimized,  quintic-phase-limited  expander  and  compressor[4]  design  and  with 
regenerative  pulse  shaping[5]. 

Our  present  expansion  and  compression  system  utilizes  a  cylindrical  mirror  based  pulse  expander.  This 
expander  is  capable  of  introducing  high  order  phase  distortions  on  the  amplified  pulse  which  exactly  cancel  the  2nd, 
3rd  and  4th  order  phase  distortions  introduced  by  over  a  meter  of  dispersive  material  in  the  amplification  chain  and 
by  the  pulse  compressor.  As  a  result,  the  entire  system  is  capable  of  expanding  a  100-nm  bandwidth  seed  pulse  by 
>100,000  times  and  recompressing  it  with  less  than  1  fs  of  pulse  delay  across  the  entire  bandwidth.  In  typical 
operation,  a  9  fs  seed  pulse  is  stretched  to  -950  ps  before  amplification.  To  our  knowledge  this  expansion  ratio  is 
the  largest  used  in  any  CPA  system.  By  stretching  to  950  ps,  we  are  able  to  operate  the  amplifiers  at  nearly  4  times 
the  saturation  fluence  of  Ti: sapphire  without  encountering  intensity  dependent  damage  of  the  dielectric  coatings  in 
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the  amplification  chain.  As  a  result,  it  is  possible  to  reach  record  levels  of  efficiency  with  respect  to  extraction  of  the 
stored  energy  in  our  amplifiers,  nearly  50%  of  absorbed  pump  light  can  be  converted  into  800  nm  radiation  or  >90% 
of  the  theoretical  limit.  Presently  new  expander  designs  are  being  developed  which  either  increase  the  bandwidth 
over  which  phase  compensation  is  possible,  simplify  construction  and/or  increase  efficiency. 

Regenerative  pulse  shaping  is  used  to  control  gain  narrowing  during  amplification.  [5]  In  this  technique  a 
spectral  filter  is  placed  inside  of  a  regenerative  amplifier  to  compensate  for  gain  narrowing  on  each  round  trip  of  the 
cavity.  In  order  to  achieve  the  largest  amplified  bandwidth,  the  filter  must  produce  a  transmission  which  is  the 
inverse  of  the  single  pass  gain  profile.  For  Ti:sapphire,  this  requires  a  large  filter  bandwidth  (-100  nm)  and 
modulation  depth  (>40%).  Several  novel  filter  designs  have  been  investigated  and  the  relative  merits  of  each  will  be 
discussed.  Using  a  thin  film  polarizer  etalon  at  anti -resonance  [6],  we  have  produced  pulses  with  >100  nm  FWHM 
of  amplified  bandwidth,  pulses  of  -20  nm  bandwidth  but  electronically  tunable  over  the  same  range,  and  two  color 
10  nm  FWHM  amplified  pulses  with  separations  approaching  100  nm.  This  latter  mode  of  operation  is  ideal  for 
generation  of  high  energy  infrared  radiation  via  difference  frequency  mixing  or  for  the  study  of  beat  wave  plasma 
interactions. 

A  schematic  of  the  UCSD  laser  system  is  shown  in  Figure  1.  Depending  upon  the  state  of  a  10-Hz 
repetition  electro-optic  switch  after  the  second  stage  of  amplification,  the  output  is  sent  either  to  final  2-pass 
amplifier  which  is  pumped  by  a  custom  built  4-J,  frequency-doubled,  10-Hz  NdiYAG  laser  or  to  a  separate 
compressor.  Both  compressor  chains  may  be  operated  simultaneously.  Both  compressors  operate  with  the  final  pass 
under  vacuum  in  order  to  avoid  self  phase  modulated  beam  distortions  introduced  by  propagation  through  the 
atmosphere  or  vacuum  windows.  It  should  be  noted  that  only  the  final  grating  in  each  compressor  is  under  vacuum. 
This  greatly  simplifies  the  construction  of  the  vacuum  arrangement  while  introducing  small  but  correctable  phase 
distortions  on  the  compressed  pulse.  A  full  suite  of  diagnostics  is  employed  in  the  amplification  chain,  including 
stage  by  stage  monitoring  of  pulse  spectrum,  profile  and  energy.  The  final  compressed  pulse  durations  are  measured 
with  noncolinear  single-shot  second-order  autocorrelation,  single-shot,  second-harmonic  FROG,  single  shot  STRUT 
and  high  dynamic  range  scanning  second-order  autocorrelation.  The  near  and  far  field  pulse  profiles  of  the 
amplified  pulses  are  measured  with  CCD  cameras  and  equivalent  plane  imaging.  In  addition  an  ion  spectrometer 
has  been  constructed  to  monitor  the  state  of  field  induced  ionization  achieved  for  a  single  rare  gas  atom  placed  in  the 
focus  of  the  final  output.  From  knowledge  of  the  maximum  ion  state,  the  intensity  at  focus  is  directly  calculable. 

Ultrashort  duration  amplification  in  Ti:sapphire  promises  to  open  a  new  era  of  high  repetition  rate, 
ultrahigh  peak  power  applications.  The  techniques  and  considerations  described  in  this  presentation  are  applicable 
to  both  higher  power  and  higher  repetition  rate  systems.  Extensions  to  petawatt  powers  and  kHz  repetition  rates  are 
possible  and  will  also  be  outlined. 
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Figure  1.  Schematic  of  the  UCSD,  10-Hz  and  50-Hz,  multiterawatt  amplification  system. 
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Scaling  of  Nd:Glass  pumped  Ti:Sapphire  Chirped  Pulse  Amplification  (CPA) 
systems  to  1 00  TW  and  beyond. 
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We  have  been  working  on  the  development  of  high  energy,  ultrashort  pulse 
laser  systems  based  on  Chirped  Pulse  Amplification  (CPA)  in  TiiSapphire 
pumped  by  Nd:YAG  and  Nd:Glass.  These  systems  begin  with  the  now  standard 
"front  end"  consisting  of  a  mode-locked  Ti:Sapphire  oscillator  followed  by  a 
pulse  stretcher,  and  a  regenerative  amplifier  pumped  by  a  commercially 
available  frequency  doubled  Nd:YAG.  The  resulting  mJ  level  pulses  are  then 
amplified  to  several  hundred  mJ  in  TiiSapphire  amplifiers  that  are  also  pumped 
by  commercially  available  NdiYAG  lasers.  At  this  point  the  pulses  can  be 
compressed  to  the  multi-TW  level.  Systems  of  this  type  have  become  fairly 
common  and  even  commercially  available.  However,  the  pump  energy  needed 
to  further  amplify  to  energies  of  several  Joules,  or  even  >10  J  is  beyond  what  is 
currently  available  as  a  standard  commercial  product. 

Our  solution  to  this  problem  is  to  use  frequency  doubled,  flashlamp  pumped, 
NdiGiass  lasers  as  pump  sources  for  large  Ti:Sapphire  amplifiers.  Glass  lasers 
have  been  used  for  many  years  and  the  technology  needed  to  produce  tens 
and  even  hundreds  of  Joules  of  pump  energy  In  a  smooth  spatial  profile  is  very 
available  and  well  understood.  For  this  talk,  we  present  results  of  our  first  glass 
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pumped  TiiSapphire  amplifier.  This  system  is  capable  of  producing  100  fs 
pulses  with  energy  in  excess  of  1J.  The  high  spatial  quality  of  this  system  is 
evident  in  the  focal  spot  images  which  indicate  near  diffraction  limited 
performance  yielding  peak  intensities  if  >5x1 0''^  W/cm^. 

We  will  also  discuss  the  present  limitations  in  scaling  of  thjs  type  of  system  to 
higher  energies.  This  will  include  a  report  on  our  progress  in  producing  <100  fs 
pulses  energies  in  excess  of  10J. 

This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by 
Lawrence  Livermore  National  Laboratory  under  contract  No.  W-7405-Eng-48. 
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Amplitude  and  phase  characterization  of  10  fs  pulses  generated  by 
hollow-core  fiber  pulse  compression 
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For  many  nonlinear  optics  and  high-field  experiments,  including  high-order 
harmonic  generation.  X-ray  lasers  and  particle  acceleration,  energetic  pulses  on  the  order 
of  10  fs  and  shorter  would  result  in  the  observation  of  completely  new  phenomena.  For 
example,  calculations  suggest  that  high- order  harmonic  generation  with  a  5  fs  pulse 
would  result  in  soft  x-ray  pulse  with  a  duration  on  the  order  of  100  attoseconds.  While 
10  fs  pulses  are  readily  available  at  low  energy  (nJ)  directly  from  Kerr-lens  mode-locked 
laser  oscillators,  gain  narrowing  and  high-order  phase  compensation  have  limited  the 
pulse  duration  from  ultra-short  pulse  laser  amplifiers  to  about  20  fs.  The  route  we  are 
pursuing  toward  the  goal  of  energetic  sub- 10  fs  pulses  is  to  compress  amplified  20  fs 
pulses  ^ter  self-phase  modulation  in  a  noble-gas-filled  hollow-core  dielectric  waveguide, 
first  used  by  Nisoli  etal[l]  for  much  longer  input  pulses.  Along  with  the  development  of 
this  technique,  we  have  adapted  the  transient-grating  frequency-resolved  optical  gating 
(TG-FROG)  technique  [2]  for  ultrashort,  wide  bandwidth  pulse  characterization.  Since 
the  guided  pulse  spectrum  is  broadened  under  the  simultaneous  action  of  several  linear 
and  nonlinear  processes,  including  self-phase  modulation,  linear  dispersion  and  self- 
steepening,  the  use  of  the  FROG  technique  provides  information  necessary  for  optimal 
compression.  Perhaps  more  important  is  that  such  coherent  detection  dramatically 
broadens  the  scope  of  experiments  and  applications  using  these  pulses.  For  example,  full 
characterization  of  amplitude  and  phase  is  crucial  for  control  of  the  complex  field  profile. 

In  the  experimental  arrangement,  pulses  from  a  kilohertz  multipass  Ti:sapphire 
amplifier  were  focused  at  the  entrance  of  a  capillary  tube  held  in  a  gas  cell  that  could  be 
evacuated  or  filled  with  pressures  up  to  15  atmospheres.  For  optimum  matching  of  the 
gaussian  beam  to  the  lowest  order  mode  of  the  waveguide,  the  input  beam  must  be 
focused  to  a  1/e^  radius  of  «  0.69  a,  where  a  is  the  radius  of  the,  capillary  tube  [3]. 
With  proper  mode  matching  the  calculated  transmission  was  expected  to  be  90%  for  the 
borosilicate  glass  capillary  tube  used  here  (a  =  150  jam,  length  =  1.2  m).  The  measured 
transmission  of  the  capillary  in  air  at  low  power  was  55%.  Transmission  values  closer  to 
the  calculated  values  are  expected  with  fused  silica  capillaries.  The  light  emerging  from 
the  waveguide  was  recollimated  with  a  curved  mirror  and  directed  into  either  a  prism 
pair  compressor  (60°  apex  angle,  BK-7)  or  a  grating  (600  lines/mm)  compressor 
constructed  in  a  geometry  similar  to  an  all-reflective  stretcher.  The  compressed  pulse  was 
analyzed  using  the  TG-FROG  apparatus. 

In  the  TG-FROG  technique,  three  replicas  of  the  input  pulse  are  directed  parallel 
to  each  other,  and  focused  together  with  a  mirror  into  a  fused  silica  substrate.  The  beam 
geometry  results  in  a  third-order  nonlinear  interaction  that  is  phase  matched,  independent 
of  wavelength.  Two  of  the  input  beams  arrive  simultaneously  and  their  interference 
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pattern  writes  a  diffraction  grating  in  the  substrate  that  serves  as  the  temporal  gate.  The 
third,  probe  pulse  arrives  with  variable  delay  and  scatters  from  this  grating.  After  the 
substrate,  only  the  signal  beam  is  passed  through  and  iris.  To  reduce  the  time  blurring 
that  would  result  from  the  finite  beam  size  in  the  substrate,  an  image  of  the  interaction 
region  is  relayed  with  magnification  to  the  entrance  of  a  spectrometer.  The  spectrum  is 
recorded  as  delay  of  the  probe  pulse  is  varied,  yielding  a  spectrogram  which  is  then 
deconvolved  to  yield  the  complex  field  profile.  The  third-order  of  the  non-linearity 
allows  unambiguous  interpretation  of  the  direction  of  time,  as  well  as  the  sign  of  any 
residual  chirp.  Background-free  measurements  are  such  as  this  are  essential  in 
determining  the  true  baseline  of  the  waveform  and  in  measuring  contrast  ratio. 

In  early  results  from  our  lab  presented  here,  we  have  compressed  160  pJ,  25  fs 
input  pulses  to  11  fs  (see  Fig.  la).  This  pulse  has  a  clean  rising  edge  that  is  especially 
critical  for  high-field  experiments.  For  this  measurement,  the  grating  compressor  was 
used;  note  that  the  residual  phase  (Fig.  lb)  is  dominated  by  third-order  dispersion  that 
should  be  eliminated  with  the  use  of  both  the  prisms  and  gratings.  As  expected, 
compression  with  the  prism  pair  alone  resulted  in  very  strong  third-order  spectral 
distortion.  In  other  measurements,  we  have  also  measured  shorter  pulses  (10  fs)  that  have 
a  higher  pedestal.  For  the  fiber  tested  here,  some  of  the  self-phase  modulated  light  at  high 
input  intensity  is  coupled  into  higher-order  spatial  modes.  This  issue  will  be  addressed  by 
using  fibers  that  more  effectively  attenuate  these  modes. 

While  we  expect  to  achieve  even  higher  compression  ratios  in  the  very  near 
future,  what  distinguishes  this  work  is  that  we  are  able  to  completely  characterize  the 
complex  field  both  before  and  after  compression.  This  allows  direct  measurement  of  the 
nonlinear  processes  present  in  the  hollow-core  fiber  and,  most  importantly,  to  determine 
the  parameters  for  optimum  pulse  compression.  Interferometric  autocorrelation,  the 
traditional  approach  for  measurement  of  such  wide-bandwidth  ultrashort  pulses,  does  not 
have  a  background-free  signal,  and  simply  does  not  yield  enough  information  to  even 
give  a  proper  pulse  duration  measurement  since  a  pulse  shape  must  be  assumed.  The 
present  results  are  the  shortest  waveforms  characterized  using  the  FROG  technique. 
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Figure  1.  a)  Intensity  profile  obtained  by  using  a  grating  pair  to  compress  the 
output  of  a  300  p,m  inner  diameter  fiber  filled  with  1  atm  argon;  also  shown 

is  the  Fourier  transform  of  the  spectrum,  assuming  constant  spectral  phase, 
b)  Spectral  intensity  and  phase  of  experimental  field  shown  in  (a). 
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Recent  advances  in  ultrafast  laser  technology  and  measurement  techniques  have  pushed  optical  commu¬ 
nication  rates  beyond  a  Terabit  per  second  [1]  and  moved  high-speed  opto-electronics  into  the  Terahertz 
domain  [2].  Similar  advances  in  high-field  laser-matter  interactions  promise  compact  table-top  sources  of 
tunable  short-pulse  VUV-  and  X-radiation  with  brightness  comparable  to  large  electron  storage  ring  facilities 
[3] .  Also  of  great  interest  to  the  high  energy  and  particle  accelerator  communities,  large- amplitude  relativistic 
Langmuir  waves  excited  by  super-strong  ultrafast  laser  pulses  in  plasmas  may  lead  to  both  ^^compact  (kilo¬ 
meter)  TeV  scale  accelerator  facilities  and  small  laboratory /medical  facility  table-top  electron  accelerators 
with  GeV  beam  energies  [4].  Continued  advancement  in  our  understanding  of  the  underlying  fundamental 
physics  in  these  fields  depends  critically  on  the  successful  development,  refinement,  and  application  of  sensi¬ 
tive  optical  diagnostics  with  femtosecond  temporal  resolution.  As  the  dominant  interaction  between  a  probe 
laser  pulse  E{t)  and  these  materials  is  a  shift  in  optical  phase,  E{t)  ->  E(t)e^^^^\  where  (l){t)  -=  {n{t)ujz/c) 
and  n{t)  is  the  refractive  index,  optical  diagnostics  designed  to  directly  measure  the  phase  change  (j){t)  have 
shown  the  most  promise.  The  inter-related  techniques  of  spectral  blueshifting  [5],  longitudinal  (i.e.  frequency 
domain)  interferometry  (LI)  [6],  and  frequency  resolved  optical  gating  (FROG)  [7]  have  been  successfully 
used  by  many  researchers  to  extract  from  spectral  power  density  measurements  sensitive  details  of  ultrafast 
time-domain  phase  shifts.  The  first  two  of  these  techniques,  being  linear  optical  effects,  have  been  shown 
to  be  powerful  tools  for  measuring  DC  and  slowly  varying  time-domain  phase  shifts  with  extremely  high 
sensitivity  (one  part  in  3000  of  a  fringe)  over  a  temporal  span  of  many  pulse- widths  about  the  peak  of  the 
pulse.  On  the  other  hand,  the  optically  nonlinear  FROG,  which  accurately  recovers  detailed  variations  in 
temporal  phase  about  the  intense  portions  of  the  pulse  but  is  largely  insensitive  to  DC  and  slowly  varying 
terms,  acts  as  a  complementary  diagnostic  for  highly  structured  phase  shifts,  such  as  those  in  ionization 
fronts.  We  have  developed  a  new  marriage  of  standard  FROG  with  multi-pulse  longitudinal  interferometry, 
termed  Multi-pulse  Interferometric  FROG,  or  MI-FROG,  which  promises  to  become  a  powerful  real-time 
diagnostic  of  ultrafast  dynamics:  a  femtosecond  phase-sensitive  oscilloscope  if  you  will. 

Though  the  general  case  can  be  easily  considered  [8],  for  brevity,  let  us  examine  here  the  measured 
quantity  in  polarization-gate  FROG  (the  “FROG  trace”,  [7]), 
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which  is  a  two-dimensional  (t,  w)  spectrogram  of  the  probe  field  E[i),  in  the  idealized  situation  when  the 
gate  pulse  is  much  shorter  than  E{t).  We  depart  from  the  usual  FROG  apparatus  and  assume  that,  as  in 
LI  [6],  both  E{t)  and  Egate(i)  are  two-pulse  assemblies,  e.g.  E{t)  =  Eo{t)e‘‘'>’^*''>  +  Eo{t  -  A)  and  Egg.te{t)  = 
6{t)  -I-  S{t  -  A),  where  is  a  relative  time-domain  phase  difference  impressed  between  the  two  pulses 
in  E{t).  The  multi-pulse  assemblies  E{t)  and  Eg^tS)  are  obtained  from  a  single  input  pulse  and,  since 
the  simultaneous  gating  and  frequency  dispersion  yields  a  differential  phase  shift,  the  gate  pulse  could  be 
modified  using  nonlinear  pulse  compression  techniques  while  the  probe  pulse  can  be  broadened  from  an 
initially  short  pulse  by  linear  dispersion  or  spectral  narrowing.  That  is  to  say,  the  individual  sub-pulses 
within  each  of  E{t)  and  Sgate(i)  maintain  their  phase  coherence.  Substituting  E{t)  and  Eg^teit)  into  Eq.  1, 
we  have  (neglecting  normalization) 

/mi-frog =  \Eo{t  —  A)1^  -f  lEo('r  -f  A)|^  d-  2  |Eo(t)|  [1  -1-  cos(a;A  -4-  <^(t))]  ,  (2) 

where  numerous  temporally  separated  cross  terms  (e.g.  Eo{t)E^{t  -  A)e*'^(’'))  have  been  dropped.  An 
illustrative  plot  of  Equation  1,  with  4>{t)  proportional  to  a  short  collinearly  propagating  pump  pulse,  is 
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presented  in  Figure  1.  The  two  side-features,  given  by  i  A)|^,  are  the  normal  single«pulse  FROG 
traces  of  the  leading  and  trailing  pulses  individually.  In  addition,  the  central  feature,  2  |jE?o(r)|^  [l+cos(ci;A)], 
is  formed  by  the  interference  of  the  two  complex- valued  FROG  fields  (jBsig(r,a;)  in  the  traditional  notation 
of  [3]).  For  a  non-zero  <^(r),  the  time-resolved  frequency-domain  fringe  pattern  deforms  from  the  null-phase 
condition  of  perfectly  straight  frequency-domain  fringes  to  directly  follow  <^(r),  as  shown  in  Figure  1. 

The  unique  abilities  of  MI-FROG  center  around  its  in¬ 
herently  differential  nature:  ultrafast  changes  in  the  time- 
domain  phase  of  a  laser  pulse  are  measured,  unlike  stan¬ 
dard  FROG,  to  all  orders  while  shot-to-shot  fluctuations 
in  the  pulse  structure  are  discriminated  against.  Addition¬ 
ally,  a  time-domain  phase  shift  <f>{t)  can  be  measured,  unlike 
longitudinal  interferometry,  in  a  single  shot  over  a  time- 
scale  much  longer  than  the  piunp  pulse  which  induces  it. 
The  real-time  nature  of  MI-FROG  allows  immediate  and  di¬ 
rect  observation  of  pump-pulse  time  scale  dynamics  without 
computational  analysis,  a  significant  advantage  over  tradi¬ 
tional  single-pulse  FROG.  Finally,  iterative  computational 
techniques  similar  to  those  used  in  standard  FROG  [9]  can 
elucidate  femtosecond  time-scale  detail  from  the  MI-FROG 
trace.  In  fact,  it  is  possible  to  recover  the  time-domain  in¬ 
tensity  and  phase  of  not  only  the  two  pulses  which  make  up 
E(t),  but,  in  the  case  of  SHG  MI-FROG,  the  gate  pulse  as 

Figure  1:  Illustrative  calculation  of  MI-FROG  PG  MI-FROG  only  |£:pte(t)|''  is  recovered).  That 

trace.  Time  is  in  units  of  pump  pulse  widths  with  with  MI-FROG,  the  intensity  and  phase  of  three 

the  probe  two  units  wide,  the  gate  0.33  units  wide,  pulses  can  be  measured  in  a  single  shot, 
and  A  =  6.  A  real-time  “phase-scope”  of  this  kind  would,  of  course, 

be  useful  in  mapping  numerous  ultrafast  processes  or  effects  and,  clearly,  the  rapid,  real-time,  direct  viewing 
of  temporal  phase  could  be  of  important  use  in  the  optimization,  adaptive  feedback,  and  control  of  future 
processes  based  upon  coherent-control  of  molecular  wavepackets,  laser-driven  plasma-based  accelerators, 
or  ionization-front  based  sources  of  tunable  radiation.  Among  those  processes  being  presently  studied  at 
LANL  are  high-field  atomic  and  molecular  ionization  fironts,  laser  driven  wakefields  in  plasmas,  and  ultrafast 
electro-optic  dynamics  in  technologically  relevant  materials.  In  addition,  MI-FROG  can  be  of  great  utility 
in  measuring  both  fast  (fs)  or  slow  time-scale  (ps)  changes  in  refractive  index  caused  by  atomic  or  molecular 
response,  respectively,  to  a  copropagating  pump  pulse  in  optical  media.  The  former  is  also  a  particularly 
simple  demonstration  of  this  new  technique. 

A  standard  chirped  pulse  amplified  laser  system  was  used  to  provide  1  mJ,  100  fs,  pulses  at  a  kHz  rate. 
Twenty  percent  of  this  pulse  was  used  to  generate,  in  a  standard  Michelson  interferometer,  the  multi-pulse 
probe  and  gate  sequences.  The  remainder  of  the  802  nm  pulse  was  frequency  doubled  in  a  300  /xm  BBO 
crystal  and  dispersively  broadened  to  provide  a  30  /xJ,  ^  300  fs  pump  pulse  at  401  nm.  After  dumping  the 
residual  IR,  the  UV  ptunp  and  IR  probes,  all  of  the  same  linear  polarization,  were  collinearly  focused  in 
a  10  cm  focal  length  unit-magnification  telescope.  Temporal  overlap  of  the  pump  with  the  trailing  probe 
pulse  was  established  using  sum  frequency  generation  in  a  500  /xm  KDP  crystal.  The  gate  pulses  traveled  a 
separate  path  to  a  modified  FROG  apparatus  while  the  probes  were  dichroically  separated  from  the  pump  and 
entered  the  same  FROG  apparatus.  A  500  /xm  fused  silica  plate,  thinner  than  the  650  /xm  walkoff  length,  was 
translated  longitudinally  near  the  focus  to  induce  an  adjustable  amount  of  cross-phase  modulation  (XPM) 
[10].  By  blocking  individual  arms  in  the  Michelson,  single-pulse  FROG  traces  of  the  leading  or  trailing  pulse 
could  be  measured  in  addition  to  the  MI-FROG  trace.  Three  sets  of  FROG/MI-FROG  traces  are  shown  in 
Figure  2:  one  each  for  0  fs,  and  ±50  fs  delay  between  the  pump  and  trailing  probe  pulse.  As  expected,  the 
FROG  traces  of  the  leading  pulse  did  not  differ  from  the  unpumped  traces  (not  shown).  The  single-pulse 
FROG  traces  of  the  trailing  pulse  do,  though,  show  the  characteristic  frequency  blue/red  shift  for  the  delayed 
cases  and  a  symmetric  broadening  for  the  overlapped  case,  with  shifts  of  ±2.5  nm.  Note  that  when  the  probe 
rides  on  the  leading/trailing  edge  of  the  pump  (right/left-most  column),  the  probe  is  red/blue-shifted,  as 
expected  from  the  n2l{t)  nature  of  the  XPM.  The  MI-FROG  traces,  all  of  which  have  straight  fringe  patterns 
with  the  pump  blocked  (not  shown),  display  in  these  instances  a  characteristic  fringe  tilt,  indicative  of  the 
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clean  blue/red  shift  seen  in  the  FROG  trace,  while  the  overlapped  case  evidences  a  downward  curvature. 
That  is  to  say,  the  fringe  pattern  follows  the  time-domain  phase  shift  <j>it)  =  n2l{t)ujz/c.  Indeed,  the  ~  n/2 
per  200  fs  phase  ramp  in  the  ±50  fs  delay  cases  corresponds  to  a  shift  of  AA  =  =  2.7  mn,  in  excellent 

agreement  with  the  single-pulse  FROG  traces. 

In  summary,  MI-FROG,  being  a  rapid,  real-time,  direct-reading  “oscilloscope”  of  ultrafast  phase  shifts, 
promises  to  be  a  powerful  new  tool  for  ultrafast  science.  In  addition,  iterative  phase  recovery  techniques 
allow  the  unprecedented  recovery,  with  femtosecond  accuracy,  of  the  intensity  and  phase  of  three  laser  pulses 


deUy  delay  delay 

Figure  2:  Raw  MI-FROG  traces  (center  row)  in  the  case  of  cross-phase  modulation  in  fused  silica  between  a  long 
400  nm  pump  pulse  and  shorter  800  nm  probe  for  -50  fs  (left  column),  0  fs  (center  column),  and  +50  fs  (right 
column)  pump-probe  delay.  The  y-axis  is  in  nm,  the  x  in  ps.  Upper  and  lower  rows  are  the  individual  single-pulse 
FROG  traces  for  the  leading  or  trailing  probe  pulse  respectively.  The  feature  displayed  at  -1.0  ps  and  802  nm  is 
the  power  spectrum  of  the  input  pulse,  measured  in  the  same  spectrometer  independently  from  and  simultaneously 
with  the  FROG/MI-FROG  traces,  and  is  used  in  the  interative  phase  recovery  analysis. 
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Time  resolved  spectroscopic  investigations  of  ultrafast  processes  at  surfaces  or  in  gaseous 
media,  e.  g.  photodissociation  and  fragmentation  of  molecules  and  clusters^>2  require 
femtosecond  pulses  tunable  in  the  vacuum  ultraviolet  (VUV)  spectral  range.  Clusters  show  for 
instance  a  very  strong  dependence  of  the  absorption  peak  on  the  their  size.  The  region  between 
lOOnm-lSOnm  is  of  special  interest  for  small  clusters.  Single  photon  ionization  will  be  possible 
for  photons  of  this  energy  range. 

We  report  on  the  generation  of  femtosecond  VUV  radiation  tunable  between  102-124  nm  by 
two  photon  resonant  (Krypton  [4p^6p(3/2)2])  and  near  resonant  (Argon  [3p^4p(l/2)2]) 

Four- wave  difference-frequency  mixing  (FWDFM)  of  intense  ultrashort  ArF  pulses  and  tunable 
synchronized  femtosecond  output  pulses  (signal  and  idler)  of  an  optical  parametric  generator. 

As  the  "master  laser"  we  employed  a  home  made  Ti; Sapphire  oscillator/amplifier 
system  providing  8  mJ,  80  fs  (0. 1  TW)  output  (fundamental)  pulses  at  a  wavelength  tunable 
around  774  nm  with  10  Hz  repetition  rate. 

Quadrupling  one  part  (2  mJ)  of  the  intense  Ti; Sapphire  fundamental  output  in  a  cascaded 
second  order  sum-frequency  mixing  scheme  (m->2<a(ft)  +  <u)— >3m(2m +  <»)—>  4m(3m  +  m)) 

employing  three  P  barium  borate  (BBO)  crystals^  provides  nearly  10  pJ,  150  fs  seed  pulses  at 
193  nm.  Subsequent  amplification  of  these  pulses  in  a  commercial  ArF  gain  modul  (EMG  150 
MSC)  in  a  double  pass  configuration  resulted  in  «1.5  mJ,  250  fs  pulses^  which  serve  as  pump 
pulses  (fflp)  in  the  FWDFM  scheme. 
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A  second  part  of  the  femtosecond  fundamental  radiation  is  frequency  doubled  in  a  BBO 
crystal  resulting  in  0.5  mJ  pulses  at  387  nm  which  were  used  to  pump  a  travelling  wave  optical 
parametric  system  consisting  of  an  optical  parametric  generator  and  a  parametric  amplifier 
arranged  in  a  configuration  similar  to  Ref.  10.  The  pump  pulse  {(Op)  and  the  tunable  injection 
pulse  («i)  are  combined  and  focused  into  the  gas  cell .  The  maximum  focused  intensity  in  the 

cell  is  10  TW/cm^. 

A  selection  of  the  spectra  of  the  generated  VUV  radiation  is  shown  in  Fig.  1.  It  should  be 
noted  that  the  radiation  in  the  spectral  range  fi-om  1 12-124  nm  has  been  generated  by  mixing 
the  pump  radiation  with  the  tunable  signal  radiation  in  Argon  whereas  the  radiation  in  the 
range  below  1 10  nm  results  from  mixing  with  the  idler  in  krypton.  Besides  the  mixing  with  the 
OPA  radiation  strong  fs  radiation  can  be  generated  by  using  the  harmonics  the  fundamental 
(774nm),  2nd  and  3d  harmonic  of  the "  master  laser ". 

A  detailed  theoretical  and  experimental  investigation  of  the  difference  between  two-photon 
resonant  and  nonresonant  excitation  has  been  performed. 

We  report  a  direct  experimental  observation  of  the  coherent  dynamics  of  an  atomic  two- 
photon  excitation  process  using  time  resolved  four-wave  difference-frequency  mixing  (®s  = 
2©  pi  CO  j)  with  femtosecond  UV-  and  VUV-pulses^.  Keeping  the  injected  pulses  (oj) 

significantly  shorter  than  the  pump  pulses  (©p)  we  were  able  to  resolve  Rabi  oscillations  and 
subsequent  relaxation  of  the  excitation  at  the  probe  difference-  frequency  (©g).  The  results  are 
of  great  importance  for  the  understanding  of  coherent  phenomena  underlying  the  femtosecond 
VUV-pulse  generation  and  fUrther  optimization  of  this  process. 

We  will  show  that  fs-pulse  four-wave  frequency  mixing  makes  it  possible  to  study  the  coherent 
dynamics  of  a  quantum  transition  in  an  intense  resonant  field.  With  this  technique,  the  two- 
photon  resonant  response  of  atomic  Ar  and  Kr  excited  by  an  intense  VUV  pulse  with  duration 
short  compared  to  the  polarization  relaxation  time  was  investigated.  The  presented  results  are 
the  first  direct  observation  of  the  coherence  induced  by  a  two-photon  excitation  of  an  atomic 
medium  by  femtosecond  VUV  pulses.  The  measured  difference-frequency  signal  probes  the 
squared  amplitude  of  the  off-diagonal  matrix  element  of  the  transition.  Such  information  about 
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the  dynamics  of  quantum  transitions  is  of  prime  importance  for  controlling  and  optimizing  such 
processes  as  two-photon  resonant  frequency  conversion  and  harmonic  generation,  as  well  as 
time-resolved  studies  of  Rydberg  states  in  atoms  and  molecules. 
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Figure  caption 

Fig.  1  Tuning  curve  showing  the  relative  VUV  energy  values  as  a  function  of  the  generated 
VUV  wavelength(  open  squares,  Ar;  filled  squares,  Kr)  and  inset 
selected  number  of  spectra  of  the  generated  femtosecond  tunable  VUV- 
radiation  (102-  124  nm)  and  spectra  of  the  radiation  at  129  nm  and  155  nm 
generated  by  mixing  cOp  with  fixed  frequencies  (2®,  3o).  Note  the  break  on  the  X- 
axis  to  show  the  whole  spectral  range  while  keeping  a  reliable  resolution  of 
the  spectra. 
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DESIGN  AND  PERFORMANCE  OF  THE  PETAWATT  LASER  SYSTEM 
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We  recently  demonstrated  the  production  of  over  a  petawatt  of  peak  power  in  the 
Nova/Petawatt  Laser  Facility,  generating  >500  J  in  430  fs.  The  Petawatt  Laser  Project  was 
initiated  to  develop  the  capability  to  test  the  fast  ignitor  concept'  for  inertial  confinement 
fusion  (ICF),  and  to  provide  a  unique  capability  in  high  energy  density  physics.  The  laser 
was  designed  to  produce  near  kJ  pulses  with  a  pulse  duration  adjustable  between  0.5  and 
100  ps  and  a  focused  irradiance  in  excess  of  10^*  W/cm^ . 

The  laser  system  begins  with  a  Ti:sapphire  chirped  pulse  amplification  system  operating  at 
1054  nm.  The  pulse  is  stretched  to  ~  3  ns  and  is  amplified  up  to  50  mJ  in  the  titanium- 
sapphire  section  with  nainimal  bandwidth  narrowing.  Further  amplification  in  mixed 
phosphate  glass  rod  amplifiers  produces  a  spectrally-shaped  12  J  pulse.  This  pulse  is 
further  amplified  up  to  the  near  kilojoule  level  by  a  series  of  disk  amplifiers.  Near 
diffraction-limited  beam  quality  is  achieved  by  utilizing  only  the  central  80%  of  the  disk 
amplifiers  and  the  use  of  adaptive  (deformable)  optics  to  correct  any  residual  thermal  or 
pump  induced  aberrations.  Following  amplification,  the  chirped  nanosecond  pulse  is 
compressed  to  480  fsec  by  a  pair  of  large  aperture  diffraction  gratings  arranged  in  a  single 
pass  geometry.  Pulse  compression  occurs  in  vacuum  with  a  compressor  throughput  of 
84%.  Currently,  this  system  is  limited  to  600  J  pulses  in  a  46-cm  beam.  Expansion  of  the 
beam  to  58  cm  with  the  installation  of  94-cm  gratings  will  enable  1  kJ  operation. 

'  M.  Tabak,  et.  al.,  Phys.  Rev.  Lett.  (1994) 
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Target  experiments  with  petawatt  pulses  will  be  possible  either  integrated  with  the 
Nova  10  beam  target  chamber  for  fast  ignition  experiments,  or  as  a  stand  alone  system  in 
an  independent  chamber.  Focusing  the  beam  onto  a  target  is  accomplished  using  an  on  axis 
parabolic  mirror.  The  focal  spot  is  diagnosed  with  an  optical  imaging  system,  as  well  as  an 
axial  x-ray  imaging  camera.  Since  debris  from  target  experiments  would  put  the  parabola  at 
risk,  a  secondary  “plasma”  mirror  is  used  in  conjunction  with  the  parabola  to  focus  the 
beam  on  target.  For  irradiances  >  W/cm^,  short  pulse  radiation  creates  a  critical 
density  plasma  on  the  surface  of  a  dielectric  substrate,  with  a  demonstrated  reflectivity  > 
90%.-  For  incident  pulses  on  the  order  of  500  fs,  the  plasma  has  insufficient  time  to 
undergo  hydrodynamic  expansion,  producing  a  density  scale  length  less  than  the  incident 
wavelength.  This  novel  targeting  system  will  enable  the  production  of  ultrahigh  contrast 
pulses,  with  an  easily  variiable  effective  focal  length  by  changing  the  curvature  of  the 
secondary  mirror. 

Figure  Caption 

Figure  1 :  a)  Far-field  distribution  of  the  beam  from  the  front-end  of  the 

Petawatt  laser  after  reflecting  from  a  polished  Si02  surface. 

The  central  spot  is  diffraction-limited. 

b)  Same  as  fig  la  but  after  reflecting  from  the  plasma  mirror 

at  90%  reflectivity. 

This  work  was  performed  under  the  auspices  of  the  U.S.  Etepartment  of  Energy  by  the 
Lawrence  Livermore  National  Laboratory  under  Contract  No.  W-7405-ENG-48 


-  M.  Perry,  et.  al.,  submitted  to  (1995) 
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Ultrahigh  Peak  Power  Lasers  Present  and  Future 


Gerard  Mourou 
University  of  Michigan 


We  have  seen  over  the  past  few  years  an  explosion  in  laser  peak  power.  Today  the  lasers  have 
peak  power  of  TW  and  average  power  of  few  watts  with  focused  intensity  well  in  the 
exawatt/cm^  range.  We  will  describe  the  next  generation  of  CPA  lasers  that  will  take  us  into  the 
yottawatt/cm^  range  with  kW  average  power. 
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Generation  of  30  TW  femtosecond  pulses  at  10  Hz  in  a  Ti:Sapphire  laser  chain 

A.  Antonetti,  F.  Blasco,  J.P.  Chambaret,  G.  Cheriaux,  G.  Darpentigny, 

G.  Hamoniaux,  C.  Le  Blanc,  P.  Rousseau,  and  F.  Salin 

Laboratoire  d'Optique  Appliquee, 

ENSTA-Ecole  Polytechnique,  CNRS  URA  1406, 

Chemin  de  la  Huniere,  91761  Palaiseau  Cedex,  France. 


The  technique  of  chirped  pulse  amplification  has  sucessfully  been  applied  to  the 
amplification  of  sub-50fs  pulses  from  Ti:  sapphire  oscillators  and  energies  approaching 
125  mJ  have  been  achieved  [1,2].  Although  these  pulses  have  very  high  peak  power  they 
are  useful  to  solid-state  target  experiment  only  if  they  are  free  of  any  prepulse  or  wings 
below  an  intensity  of  lO^l  W/cm^  .  We  describe  here  a  Ti:sapphire  amplifier  producing 
30  TW  pulses  at  10  Hz  which  has  been  designed  to  produce  pedestal  free  pulses.  To 
reduce  any  prepulse,  we  designed  the  amplifier  with  broad  transmission  bandwidth, 
minimum  material  path  length,  high  gain,  and  an  aberration  free  system  for  stretching  and 
recompressing  the  pulses  [3]. 

We  generated  femtosecond  pulses  in  a  10-50  fs  Ti-Sapphire  oscillator,  using  a  4.5 
mm  long,  highly  doped  Ti:Sapphire  crystal.  We  use  a  new  aberration-free  stretcher 
compressor  system  that  is  able  to  stretch  and  recompress  25  fs  pulses  with  a  peak  to 

background  contrast  greater  than  10°  [3].  The  spectral  acceptance  of  our  design  is 
100  nm.  In  order  to  limit  spectral  clipping,  which  introduces  prepulses,  we  chose  to 
amplify  25  fs. 

The  pulses  are  first  amplified  in  a  8-pass  reflective  multipass  amplifier  using  2 
mirrors  with  two  different  radius  of  curvature  in  a  confocal  arrangement  (see  figure  1). 
This  amplifier  includes  a  1cm  long  Ti: Sapphire  crystal  pumped  by  80  mJ  from  a 
Nd:YAG  laser.  The  0.7  nJ  stretched  pulse  is  amplified  up  to  5  mJ,  with  a  good  spatial 
profile.  The  high  gain  (>10),  and  low  losses  per  pass  leads  to  a  reduction  in  the  effect  of 
the  gain  narrowing. 

Pulses  are  then  amplified  in  a  5-pass  power  amplifier.  A  1  cm  crystal  is  pumped 
on  both  sides  by  1  Joule  of  532nm  light.  We  obtain  an  output  energy  of  300  mJ  .  After 
spatial  filtering  the  pulses  are  injected  in  a  four-pass  amplifier  pumped  by  4  Joules  of 
532nm  from  a  Nd:Yag  laser  working  at  10  Hz.  After  four  passes  the  output  energy  is  1.6 
Joules  while  the  beam  profile  keeps  its  quasi-Gaussian  shape.  As  predicted  by  our 
numerical  model,  the  pulse  spectrum  shifts  toward  the  infrared  during  amplification.  By 
choosing  the  right  input  pulse  wavelength  we  have  been  able  to  produce  40  nm  spectra  at 
the  1.6  J  level. 

The  pulse  then  enters  a  large  vacuum  chamber  (2  meters  in  diameter)  which 
includes  the  compressor.  We  measure  the  pulse  duration  using  a  scaning  autocorrelator. 
The  shortest  pulses  we  measured  were  around  27  fs  (fig.2).  The  compressor  efficiency  is 
around  50  %  leading  to  pulses  over  30  TW. 
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The  compressor  vacuum  chamber  is  coupled  to  the  experiment  chambers  through  a 
100  pm  thick  window.  In  a  first  try  to  characterize  the  source  we  focused  the  30  TW 
pulses  on  a  hyper-sonic  Argon  jet  using  an  off-axis  parabola.  We  measured  a  6pm 

diameter  spot  size  leading  to  intensities  above  bxlO^^  W/cm^.  At  that  intensity  we 
observed  clear  indications  of  relativistic  self-focusing  in  the  gas. 


[1]  C.  P.  J.  Barty,  C.  L.  Gordon  III,  and  B.  E.  Lemoff.  Opt.  Let.,  Vol.  19,  No.  18,  p.  1442, 
1994. 

[2]  J.  Zhou  C.  P  Huang,  C.  Shi,  M.  Murnane,  and  C.  Kapteyn,  Opt.  Let  Vol  19  No.  2,p. 
126,  1994. 

[3]  G.  Cheriaux,  P.  Rousseau,  F.  salin,  J.  P.  Chambaret,  B.  Walker  and  L.  Dimauro,  Opt 
Lett.  6,  p.  414, 1996. 

Figure  captions 

Figure  1 :  Experimental  setup  of  the  amplifier  system.  PC  =  Pockel  Cell. 

Figure  2:  Measured  autocorrelation  using  a  scaning  autocorrelator,  (FWHM  =  27fs). 
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Sauerbrey,  R.  —  ThEI  9,  ThE30,  ThE31 ,  FB2 

Savel'ev,  A.  B.  — ThE35 

Schafer,  Kenneth  J.  —  ThE43,  FA4 

Schillinger,  H.  —  ThEI 9 

Schlegel,  Th.  ~  ThE39 

Schmahl,  G.  —  ThE31 

Schmidt,  M.  —  ThE44 

Schnurer,  M.  —  ThC2,  ThD4,  ThE39 

Schroeder,  W.  A,  —  ThES 


Schuck,  P.  J.  —  ThD2 

Sergeev,  A.  M.  —  ThE26,  FD4 

Sezaki,  S.  —  ThC3 

Shan,  Bing  —  ThE4,  FA3 

Sharp,  W.  M.  —  SaA4 

Shashkov,  A.  A.  —  ThE35 

Sheehy,  B.  —  ThE2,  FD5 

Shkolnikov,  R  L.  —  ThE28,  ThE29 

Shlyaptsev,  V.  N.  —  ThCI ,  ThC2 

Shmakov,  K.  —  FC2 

Shore,  B.  —  SaCI 

Siders,  C.  W.  —  SaA3,  SaB4 

Smith,  R.  A.  —  ThB2,  ThD4,  ThEI  8,  FB3,  FB4 

Sokolowski-Tinten,  K.  —  ThE3 

Spector,  S.  —  ThA2 

Spencer,  J.  C.  —  FC2 

Springate,  E.  —  ThB2 

Squier,  J.  —  SaBI 

Stewart,  R.  E.  —  ThE37,  SaB2 

Stuart,  B.  C.  —  SaCI 

Svanberg,  S.  —  ThA4 

Szymanowski,  C.  —  ThE25 

Taieb,  Richard  —  ThE25,  FD3 

Tajima,  T.  —  SaA3 

Takabe,  H.  —  ThE20 

Takagi,  Y.  —  ThC3 

Takenaka,  H.  —  ThC3 

Tallents,  G.  J.  —  ThC2,  ThD4,  FB4 

Tang,  H.  — ThC3 

Tani,  K.  —  ThE24 

Tarasevitch,  A.  R  —  ThE35 

Taylor,  A.  J.  —  SaB4,  SaC 

Tennant,  D.  —  ThA2 

Teubner,  U.  —  ThE30,  ThE31 ,  ThE32 

Theobald,  W.  —  ThE30,  ThE31 ,  FB2 

Thompson,  B.  D.  —  ThB1 

Tietbohl,  G.  —  SaC1 

Tillman,  C.  —  ThA4 

Tisch,  J.  W.  G.  —  ThB2,  ThE1 8 

Tomasel,  F.  G.  —  ThCI 

Torres,  David  S.  —  ThDS,  ThE46 

Toyoda,  Koichi  —  ThE34 

Troha,  A.  L.  —  FC3,  SaA4 

Ueda,  T.~ThE24 
Uesaka,  M.  —  ThE24 

Umstadter,  D.  ~ThB4,  ThE27,  SaA2,  SaA3 
Uschmann,  1.  —  ThE30 

Van  Woerkom,  L.  D.  —  ThE41,  ThE42,  FBI 

von  der  Linde,  D.  —  ThE3,  ThE36 

van  Bibber,  K.  —  SaA4 

Van  Meter,  J.  R.  —  FC3 

Veniard,  Valerie  —  ThE25,  FD3 

Vernet,  D.  —  ThE44 

Volkov,  R.  V.  —  ThE35 

Wagner,  R.  —  SaA2,  SaA3 
Wahlstrom,  C.-G.  — ThA4,  FA2 
Walker,  B.  —  FD5,  SaBI 


274  /  Key  to  Authors  and  Presiders 


Walker,  M.  A.  —  ThE41 ,  ThE42,  FBI 
Walling,  R.  S.  — ThE37 
Walz,  D.  —  FC2 

Wang,  Hai-Wen  —  ThE4,  ThEI  1 ,  ThEI  2,  FA3 

Wang,  S.  —  ThA2,  ThC3 

Wark,  J.  5.  — ThD2,  FB4 

Warwick,  P.  J.  —  ThC2,  ThD4,  FB4 

Watanabe,  T.  —  ThE24 

Weber,  P.  M.  —  ThD3 

Weber,  S.  V.  —  FB4 

Weidemann,  A.  —  FC2 

White,  Michael  —  ThD 

White,  W.  E.  —  SaA4,  5aB2 

Widmer,  M.  — ThE2,  FD5 

Wilhein,  T.  —  ThE31 

Wilks,  S.  C.  —  SaA4 

Wilson,  Kent  R.  — ThD3,  ThE43,  SaBI 

Wirick,  S.  —  ThA2 

Wolfrum,  E.  —  ThC2,  ThD4,  FB4 

Woodworth,  J.  G.  —  SaA4 

Workman,].  —  ThB4 

Wulker,  Cornelius  —  ThE34 


Ximing,  D.  —  ThC3 

Yakovlev,  V.  V.  —  SaBI 
Yamakawa,  K.  —  SaBI 
Yamamoto,  Y.  —  ThD5 
Yamanaka,  T.  —  ThE20 
Yanovsky,  V.  —  SaCI 
Yoon,  G.  Y.  —  ThC3 
Young,  P.  E.  —  ThE38 
Yu,  Li  Hua  —  FC4 

Zeek,  Erik  —  ThE1  2 
Zerne,  R  —  FA2 
Zhang,  G.  —  ThC3 
Zhang,  J.  —  ThD4,  FB4 
Zhang,  Jian  —  FDl 
Zhang,  X.  —  ThE4 
Zhou, ).  —  ThEI  6 
Ziener,  Ch.  —  ThEI  9 
Zon,  B.  A.  —  ThElO,  ThE23 
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